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TECHNICAL EVALUATION REPORT
by
Dr. L. C. Daniels
Department of Engineering Science
University of Oxford

Parks Road
oxford

INTRODUCTION

The present economic climate of ever increasing energy costs has dictsted that the major design
target of all aircraft engine manufacturers is the reduction of the specific fuel consumption (S.F.C.).
Present design studies are aiming at a 15 - 207 reduction on present figures. The thermodynamics of the
engine cycle dictate that this will in part be achieved by raising the maximum cycle temperature and
pressure ratio. Coupled with the need to reduce the S.F.C. is the desire to achieve adequate life cycles
of the hot components, and the necessity of meeting E.P.A. and F.A.A. regulations on smoke and pollutant
emissions. To help meet these design objectives engine manufacturers are using increasingly advanced
design methods for the prediction of the temperatures of the hot section components and the performance
of the combustion system. The development of the design methods requires a detailed, accurate knowledge
of the engine enviromment together with an understanding of the physical processes taking place in it.

The Ankara P.E.P. meeting considered some of the problems associated with the hot companents of the
gas turbine, whilst last year's meeting considered the problems of modeling the combustion process.
Both meetings emphasised the need of engine designers and model developers for data of a high accuracy.
Blade metal temperatures are required to within 10K, and gas stream temperatures to within 20K such
requirements impose severe constraints upon the measurements techniques. The purpose of the present
meeting was to review techniques currently available and their possible development.

The hostility of the engine, or combusting enviromment to probes and the possible influence of
probes upon the flowfield within the various components favours the use of techniques of a non—intrusive
nature. The larger percentage of papers presented at the meeting were concerned with the development
of non-intrusive instrumentation. Regrettably relatively few of the papers were concerned with making
measurements in the engine or a simulated engine evnironment, and whilst many of the techniques described
in papers presented st the meeting show considerable potential their capability for use'as diagnostic
tools in real engine or combustion systems is yet to be adequately demonstrated. Furthermore many of
the techniques are incapable of, even in well controlled laboratory experiments of making measurements
to the tolerances demanded: by the engine designers and model developers, New instrumentation techniques
inevitably take longer to develop than theoretical models and the present technology credibility gap will
inevitably get wider unless efforts are made to cloge it.

Table I gives a breakdown of the papers presented to the conference on the basis of intrusive vs
non—intrusive instrumentation and a further subdivision at the basis of the experimental enviromument i.e.
engine measurements vs laboratory tests.

- fmas

ENGINE MEASUREMENTS LAB TESTS

INTRUSIVE 1, 2,3, 4 4, 5,6,8,9
10, 13, 14

10, 11, 12, 13, 14
NON-INTRUSIVE | 18, 17 15, 18, 17, 16, 19

22, 23, 21

The nuaber refers to the number of the paper in the proceedings. (Appendix 1). The content and
context of the various papers in relation to each other and the needs outlined above are discussed in the

y P.E.P. Meeting on combustor modeling conference preprint no. 275. ’




susmary, from which various conclusions are drawn and recommendations are made.

SUMMARY OF THE MEETING

The papers presented at the meeting broadly represent the two options open to any developer of diag-
nostic techniques for the measurement of various parameters in combustion systems and turbines. The first
is to try to measure directly the quantities of interest by placing some sort of probe connected to
appropriate instrumentation in the flowfield. The second option is to infer the required information
from the light scattering properties of particles or molecules in the flow. In instrumentation terms the
second option is the more complicated of the two; however the pursuit of the first option requires the
probe to have a reasonable life expectancy, not to perturb the flowfield and to have good resolution. In
the hostile combusting flows in the hot end of a gas turbine the problems of using probes have encouraged
the persuit of the non-intrusive option. This interst is reflected in the number of papers presented at
this Conference which dealt with the development and application of such techniques.

INTRUSIVE TECHNIQUES

(a) Pyessure Measurements

In theory one cf the easier measurements to obtain is of course a knowledge of the pressures {(total
and static) within the flowfield, pitot static and five hole probes are routinely used for this purpose.
In practice difficulties may be caused be the probe interacting with the flowfield, particularly if
measurements are taken in zones of recircularion, and furthermore the response of the probe to the highly
unsteady nature of the flowfield will bias the measurements.

The interaction of the probe with the flowfield cannotr be addressed within any generality being
highly dependent on the type of flow and probe. The effect of the unsteady flow enviromment upon pitot
static and 5 hole probes is dealt with by Gouldin {4]. His analysis shows that the turbulent fluctuations
could have a significant effect on the time mean measurements. In particular when density fluctuations
are significant i.e. in a combusting flow Jargeerrors can occur. Gouldin's [4) analysis considered the
responge of the probe to the turbulent fluctuations. Possible effects due to the remoteness of the
pressure transducer from the measuring port, which in some cases could be quite considerable are not
considered. Are such effects as frequency dependent attenuation and phase distortion going to introduce
further errors and what is the likely magnitude of such errors?

Modern electronic manufacturing techniques have made it possible to fabricate pressure transducers
with a very wide frequency response, the coupling of such a transducer with a suitable probe design enable
Charpenel et al [13] to obtain information about the fluctuating flow field as well as the mean flow,
The use of such probes to obtain a turbulence spectrum as Charpenel and his co-workers have done (13]
has many advantages when the likely life of a hot wire type probe is considered.

(b) Temperature Meagurements

With the possible exceptions of C.A.R.S., see below, and the optical pyrometry method of Charpenel
et al [13], the measurement of the hot gas stream temperatures are usually made with a noble metal
thermocouple. They can also be used to measure the temperatures of various metal components although
in such applications they may cause a disturbance in the surface heat flux optical pyrometry is thus
frequently used in such applications.

Alwang (1] discussed a variety of techniques used by industry and then possible development,
including the use of new couple materials which would extend the range of temperatures which could be
measured. Where details of the spectra of the temperature fluctuations is required the thermocouple
will have to be frequency compensated, Wittmer et al [10] describe the used of such a technique to
measure the temperatuee fluctations in a turbulent free jet diffusion of flame.

Wittmer et al {10} used a fine wire thermocouple, as did Whitelaw and Taylor [4]. In their experi-
ments Whitelaw and Taylor {14) found considerable difficulty in maintaining the thermocouple integrity in
an environment more typical of a gas turbine combustor.

(c) Concentration Measurements

The study of the chemical processes in the combustion chambers and after burners requires a know-
ledge of the chemical compositinn of the combustion products. This is usually obtained by withdrawing
a sample from the flow and determining its chemical composition, Optical methods e.g. C.A.R.S. have
only recently become feasible, and their use is not yet a routine matter. Ssmpling techniques are thus
likely to be used for the immediate future. Gastebois et al [3] presented a survey of the exhaust gases
of an Olympus 593 engine, using a sonic orifice quenching probe. Apart from problems concerning the
freezing of the chemistry, and preventing water condensation on the sampling lines, a major concern is
the effect of the fluctuating flowfield upon the sampling process. Gouldin [4) presents an analysis
of the effects of velocity, density and concentration fluctuations on the sample. He concludes that
accurate samples of mean mass fractures will require corrections for the effect the large density fluctua—
tions found in a combusting flow. He further recommends that sonic orifice sampling probes should be
used in preference to 'slow speed' ssmpling, since the former are easier to correct.

(d) Heat Flux Measurements

Heat Flux measurements rely on the measurement of temperature together with a conduction analysis of
s time dependent or steady nature. Hence heat flux measurements in engines and practical combustors are
limited by present thermocouple technology and as such the determination of the heat flux in practical
engine situations is not possible Alwang [1]. The limitations in thermocouple technology results in all
heat {lux measurements being made in test rigs which operate at reduced temperatures.

vii
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The scaling laws that are necessary for maintaining similarity at reduced temperatures and pressures
are discussed by von Schwerdtner and Hosenfeld (5]. Maintaining strict similarity is difficult particu-
larly in the areas of blade surface finish and turbulence. Bayley and Priddy [9) use a high speed
rotating "squirrel cage' upstream of their test cascade to simularte the high turbulence level and epectratl
content thought to be found in an engine. Strict similarity cannot be maintained if air is used as a
test gas, there will be differences in the Prandtl number and the value of , the ratio of specific
heats. The variation of Prandt] number was considered by von Schwerdtner and Hosenfeld [5), the difference
in v, the ratio of specific heats, was not.

Testing at reduced temperatures and pressures results in considerable savings in the power required
to operate the test facility. Further gains can be made by the use of the transient techniques developed
by Schultz et al [8) and adopted by Richards [{7}. Transient techniques also simplify the analysis
required in the determination of the gurface heat flux, and test rigs running in a transient mode do not
require the use of exotic high temperature materials or cooled instrumentation.

NON INTRUSIVE-OPTICAL TECHNIQUES

The hostile environment present in gas turbines and combustion systems favour the use of non-
intrusive instrumentation. Provided optical access can be arranged, metal temperatures can be obtained
by pyrometry, velocities by Laser Optical Anemometry, and with the recent progress in the application
on non-linear optical processes, temperature and concentration measurements by techniques such 2s Raman
Scattering and Coherent Anti-Stokes Raman Spectrosocopy (C.A.R.S.)

Optical Pyrometry

The use nf rapid response optical pyrometry to measure blade temperatures is described by Alwang [1].
The effects of radiation from the flame in the combustion can are corrected for, by high speed analogue
circuitry which yields a continuous record of turbine blade or vane temperature.

Charpenel et al {13] have developed a pyrometer capable of measuring the mean and variance of the
fluctuation temperatures in a hot gas stream.

Laser-Optical-Velocimetry

The use of Laser Doppler Velocimetry in isothermal, non-reacting flows, is a well established tech-
nique and is a powerful diagnostic tool particularly if it is coupled with flow visualisation as shown
by OQwen and Pincombe (15), The provision of optical access and suitable light scattering particles in
a combusting flow are some of the practical problems associated with the application of L.D.V. to such
flows. Furthermore the analysis of the possible sources of error in the measurements is not straight-
forward .

Whitelaw and Taylor [14] describe measurements made in the premixed flame in an axisymmetric combu-
stor, together with a discussion of the possible sources and wagnitudes of the errors in the measurements.
Whitelaw and Taylor {14] used a real fringe, forward scatter optical system. This type of arrangement
was also used by Wittmer and Gunther [10] to measure the turbulence characteristics of a diffusion flame.
Forward scatter optics required 'dual port' access which is clearly a disadvantage in gas turbine appli-~
cation, but forward scattering has the advantage that the signal strength is at least 2 orders of magni-
tude higher than in back scatter.

Back scattering measurements in combusting systems are probsbly better made with the 2 spot or L2F
system, which has a higher intrinsic signal to noise ratio than the more conventional LDV, it is a useful
technique in photon limited situations e.g. high speed flows with low concentrations of small particles.

It does however require special data processing and handling equipment usually correlstor or multichanmel
digital analysis to produce a 2 dimensional probability distribution function for velocity and flow angle.
The production of this P.D.P. for the velocity in a turbulent flow requires a large number of measurements
and the L2F technique thus has a low data rate. Eickhoff and Schodl ({11) describe the use of the L2F tech-
nique to study the turbulence characteristics of hydrogen air and propane air diffusion flames. It is
significant that the qualitative interpretation of their data is greatly helped by the use of flow visua-
lisation.

Particle Size and Concentration Measurements

Coghe et al [22] and Bornego and Olivari {23] have adopted LDV techniques to provide information
about particle size and concentration in flows based in the scattering propoerties of large particles in
the flow. The difference in the scattering properties of the 'large’' and 'small' particles in a typical
LDV sample volume is the basis of a technique described by Riethmuller and Buchlin ([12] for measuring
velocities gas~-liquid sprays.

Temperature and Composition Measurements

The need to obtain temperatures and species concentrations in combusting flows has prompted the
application of conmventional spectroscopic techniques and the more recent developments of spatially and
temporally precise laser spectroscopic techniques.

Duran and Bellet [16] used U.V. Absorbtion Spectroscopy to determine the concentration of NO in two
types of burner. They compared the results obtained from the spectrosopic technique with those obtained
using ssmpling probes,

An accurate spatial distribution of temperature in a combusting system is of course a very important

and desirable piece of information. As a results there is considersble interest in the development of
optical techniques capable of giving such information. These techniques are based on the inelastic
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scattering of light by atoma or molecules in the flow. The scattered light is shifted in frequency away
from the source frequency. The frequency spectrum of the scattered light depends upon the population
temperature and concentration of the scattering molecular species. To obtain adequate signal strength
from the light scattering processes requires either atoms or molecules with a high scattering cross
section to be present in the flow or the use of high power sources i.e. lasers. Unfortunately all the
species generally found in a combusting system have s low scattering cross section.

Zizak et al [20] obtained temperature profiles in hydrogen and acetylene laboratory flames, using
the Two~Line Atomic Fluorescence Method (T.L.A.F.). The spectral properties of light produced by
fluorescing indium or thallium atoms added in small concentrations to the combusting gases enable the
electronic 'tempersture’ of the fluorescing atoms to be determined, thus by assuming thermal equilibrium
between the seeding atoms and the combusting gases the electronic temperature can be taken as the gas
temperature. Unfortunately the scattered signal has a poor signal to noise ratio, and photon correlation
techniques have to be used to extract it from the background noise. Such correlation techniques have poor
data rates and as a result the T.L.A.F. technique is only suitable for use in highly stable laboratory
flames,

The need for temporally as well as spatially accurate spectroscopic information so that practical
turbulent combustion can be studied has led to the development of techniques using high power short
duration pulsed lasers, the high powers are necessary to obtain sufficient output signal since the
involved phenomena have low scattering cross sections.

Two different techniques using inelastic scattering from high power pulsed laser sources were
described by speakders at the Conference, Raman Scattering Lapp and So (19], and C.A.R.S. Pealat et
al [17) and Eckbreth [18].

Raman Scattering is the older technique. It has been widely developed, is well understood, and is
used as a diagnostic tool in certain branches of chemistry. Its use in gas phase and combustion diag-
nostics is limited by the weakness of the scattered signal, which can be masked by laser induced inter-
ference i.e. fluorescenceand incandescence generated by the high power probe laser interacting with
particles of unburnt fuel or soot in the flame. Lapp and So [19] discuss in detail the needs of advanced
combustion models and the measurement implications of the model needs. They describe the use of Raman
Scattering in detailed study of a hydrogen air diffusion flame, carried out by Lapp and co—workers (see
{19} for reference). They also describe a conditional sampling technique enabling LDV and Raman Scatter-
ing measurements to be used in conjunction with each other and hence obtain temperature velocity corre-
lation data.

C.A.R.S. does not suffer from the limitations of signal strength inherent in Raman Scattering. The
signal conversion efficiency of C.A.R.S. is several orders of magnitude higher, the scattered light is
coherent in character and as such can be collected over such small solid angles that interferances can be
reduced to a minimum. These advantates are such that C.A.R.S. is capable of probing practical combustion
processes and providing the temperature and species concentration. Eckbreth [18] and Pealat et al (171,
both describe the development of C.A.R.S. diagnostics and demonstrate the use of C.A.R.S. in practical
combustion enviromments.

Temperature and concentration measurements (down to about 1Z) can be obtained from the shape of the
C.A.R.S. spectra. The measured spectra are compared with theoretical spectra generated by a computer
code, and the temperature is inferred from a best fit. Species concentrations can also be inferred from
the shape of the spectrum provided the susceptibility of the non-resonant background is known or can be
approximated, Eckbreth (18]. In the highly turbulent environments typical of combustion system a
temperature P.D.F. has to be built up from a number of measurements. The turbulent enviromments also
dictate the use of broadband laser sources and detection, to produce the C.A.R.S. spectra in one single
shot of the pulsed laser system; this is because C.A.R.S. spectra are highly non-linear with temperature
and dengity and generating a spectrum piecewise by using a tunable narrow band laser is inappropriate.
Eckbreth [18] and Pealat et al [17] suggest that temperatures inferred from spectra obtained in this way
are accurate to within * 40K in 2000 K.

CONCLUSIONS

Advances in measurement technology particularly in the use of non-intrusive instrumentation have
been made since the Ankara meeting. Although measurements technology etill lags behind engine develop-
ments.

Conventional intrusive techniques for the measurement of temperature pressure, and compositions
are very difficult to make in the hostile enviromment of the hot section of a modern gas turbine.
Adequate probe lives are difficult if not impossible to obtain and the interpretation of measurements
from pressure, and sampling probes may be complicated by the effects of the highly turbulent flow field.
Pyrometry is an attractive practical alternative to the use of thermocouples for the measurements of metal
temperatures and can be used for gas temperature measurements.

L.D.V. techniques have developed to the point where measurements in the flames of laboratory burners
can be made can be made successfully. The techniques have not been demonstrated in practical combustion,
where the problems of optical access, control of the light scattering particles will be much more diffi-
cult.

C.A.R.S, has developed into a practical tool for combustion diagnostics. The technology is still
undergoing rapid development, but already it has demonstrated its capabilities, in realistic combustion
situations, where no other means of extracting gas temperatures and species concentrations appears to
be possible. It is not a simple technique to use, it requires considerable capital investment and
expertise on the part of the user particularly in setting up the system and in the interpretation of the
data. It also requires the use of high power pulsed lasers. These factors may limit its use.
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RECOMMENDATIONS

It is clear that L.D.V. and C.A.R.S. have developed to the point where they appear t-. be -apabie
of being used as practical diagnostic tools in combustion systems and turbines. FEffarts must Se made
to realisetheir potential in more realistic or practical situations. Clearly a great deal! of work wii]
have to be done in designing, building and developing the equipment and test rigs sc that the r=-hnigue
can be transported from the laboratory situation to an engine test stand for example. Nevertheless
it ig clear that since the techniques are past the stage of proving the physical princip.es inv.ived,
efforts must concentrate on application of the existing technology rather than on increasiig the s-phisti-
cation and refinement of the physics.

Since it is unlikely that the development of C.A.R.S. and L.D.V. in the immediate future is going
to reach the stage where their use is going to be a matter of routime, and furthermore the high capital
cost of the equipment will restrict its avazilability. It therefore may be very useful to encourage
the development and application of less sophisticated new methods and to reconsider some of the clder
techniques with a view to possibly extending their application.

A strong interaction between combustion modelers and experimentalists must be maintained if the con-
tinued development of the understanding of the combustion processes is to take place. Unfortunately,
there appears to be a 'technology gap', mentioned in the introduction, between the current combustion
models and our ability to make measurements. The rapid growth of computer power and numerical techniques
exploiting the new computers has resulted in extremely sophisticated calculation procedures which have
the potential of high numerical and physical accuracy. However, these methods still require empirical
input particularly in the modelling of the fluctuation quantities and such input is the factor which
controls the accuracy of the computation. The development and validation of a combustion model to a
certain standard of accuracy will require the availablity of data to the required accuracy. At present
numerical techniques are developing faster than experimental techniques and the technology or credibility
gap is in danger of growing wider, unless steps are taken to close it. The closing of the technology
gap will be aided by the holding of joint meetings of technologists and modelers at suitable intervals
of time. -
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PROBLEMS IN THE MEASUREMENT OF METAL TEMPERATURE,
GAS TEMPERATURE, HEAT FLUX AND STRAIN IN
COMBUSTORS AND TURBINES

W. G. Alwang
Pratt & Whitney Aircraft Group
Commercia! Products Division
United Technologies Corporation
400 Main Street
East Hartford, Connecticut, USA 06108

Summary

The verification of a gas turbine engine design requires that all critical design parameters be measured
as directly and accurately as possible during development testing. The hot section of the engine poses
some particularly difficuit measurement problems. [n this paper the Iimitations of current
instrumentation used in the combustor and turbine will be described and work in progress to overcome
these limitations will be reviewed.

Among the topics to be covered are: limitations on the use of advanced dual spectral range optical
pyrometers for meta! surface temperature measurement, use of sputtered thin film thermocouples, problems
in measuring gas temperature distributions and burner pattern factor, particularly above 30000f
(1925K), problems in measuring static strain and strain range in hot section hardware, and finally
problems in the measurement of radiative and tota! heat flux.

INTRODUCT ION

The trend in advanced gas turbine engines, both commercial and military, is toward higher compression
ratios and higher maximum cycle temperatures. This is a consequence of the desire to improve the
performance and efficiency of engines and is especially significant in the present climate cf rapidiy
escalating fuel costs. The increased pressures and gas temperatures in the engine hot section must be
achieved while maintaining very high reliabitity and durability of the combustor and turbine hardware, In
addition, stringent !imitations with respect to emissions of smoke, NO, and hydrocarbons must be met.
This combination of requirements is a major technical challenge and has lead to intensive activity in
combustor research, heat transfer, materials and structural design. It aiso presents a major challenge to
the testing and measurements techniques needed for developing gas turbine engines.

Engine development testing requires careful planning in the use of instrumentation to insure a successful
final product. Measurements are used extensively throughout and for a variety of different purposes.
First, they serve to provide the raw material necessary for the continued evolution of theoretical! and
empirical foundations in structures, aerodynamics, and heat transfer, which make up the analytical
systems used to generate the engine design. In this stage, great ingenuity is applied to obtain
representative data in mode! experiments which are in most cases simplifications or idealizations of real
engine components.

As an engine design progresses, engine components and finally experimental versions of the engine are
built and tested, and the emphasis in the use of measurements then shifts to the problem of confirming
design objectives. For those planning instrumentation, this is a very fundamental change, since the
freedom to choose test conditions for which reiiable and accurate sensors are easily available nc longer
exists. The measurements should be made in the actua! engine environment.

In using measurements to confirm design objectives' the following rules should be adhered to as closely
as is permitted by the current state-of-the-art.

1. Identify ali critical parameters in the design.
2. Measure these parameters directly and in a realistic environment.

As we will see, these rules are simple and obvious but very difficuit to accomplish. They point the way
to those areas in which improved measurement methods need to be developed.

There is a further measurement principle which seems obvious b»ut is often neglected in practice. It
applies to all measurements, not only to those intended to confirm design objectives, The principle fs,
no measurement {is complete without an estimate of its accuracy. A turbine blade temperature measurement
with an accuracy of +100F (5,6K), might be completely adequate while one whose accuracy is 1000F
(56K), is aimost worthless,

In this paper I will concentrate on some problems in the use of measurements to confirm design objectives
in the hot section of the engine, that is, in the combustor and turbine.

CRITICAL MEASUREMENTS IN THE HOT SECTION OF THE ENGINE

In Figure 1, an example of the temperature distribution through a film cooled wall with a thermal barrier
1s shown. The principle quantities potentially accessible to measurement are the gas temperature T
the coclant temperature Tc, thermal barrier surface temperature Th, as well as metal temperatures Tmi aaa
Tmo.

The convective heat flux Qc cannot be measured directly, however, the total heat flux ard the radiative
heatbflux can, in principal at least, be obtained and from this the film cooling effectiveness n¢ can
be obtained.




The stress in combustor and turbine structures is also a critical ingredient in predicting !ifetime of
hardware,

In order to determine how these parameters must be combined to predict component Ilifetimes, it is
necessary to identify the failure mode which {imits the 1ife of each component. (See Ref. 1 for example)
Typically in high temperature tyrbines failure is dominated by creep rupture, low cycle fatigue, creep
fatigue interaction or corrosion and erosion. Prediction of failure in creep requires knowledge of the
steady state distribution of temperature and stress. Corrosion and erosion are strongly temperature
dependent and are also sensitive to trace quantities of impurities in the air, particularly sait and hard
particulates. Low cycle fatigue on the other hand is determined by transient temperature and stress
distributions generated by the accelerations and decelerations accompanying landing' take-off and flight
maneuvers.

The turbine designer beginning with a statistical prediction of gas temperature and cooling air
temperature produces a blade cooling design which yields a satisfactory blade lifetime. To verify this
design prediction, it is necessary to run cyclic endurance tests and to measure the following quantities:

1. Metal Temperature - Steady state and transient metal temperature distributions.

2. Gas Temperature - Maximum temperatures and distributions under a variety of steady state and
transient operating conditions and engine service hours.

3. Radiant and total heat flux.
4. Steady and transient stresses.

In addition to these more obvious characteristics of the design problem in the hot section of an engine,
a number of more subtle characteristics are very important. These include the flame distribution in the
combustor, the flow field including turbulence and the tendency of the combustor to produce hard carbon
and cause erosion.

In the following sections I will try to summarize the state-of-the-art in making these measurements in a
turbine engine environment.

BLADE AND VANE METAL TEMPERATURE

Cooled turbine blades and vanes are characterized by high temperatures, large temperature gradients both
in and perpendicular to solid surfaces and, frequently, considerabie blade-to-blade variabiiity. Figure 1
shows a typical! temperature distribution perpendicular to the blade surface. Measurements, to be useful
must sample many points on the surface. In addition, at the maximum temperature conditions, a change of
+250F (14K) in metal temperature can cause as much as a factor of two reduction in fatigue lifetime,
therefore, the accuracy of the temperature measurement should be about +100F (5.6K). (At PLWA we employ
Teas;;;-ement accuracy definition in Reference 2. Error estimates are given as #20, the 95% confidence
eve

The most frequently used instrument for mapping rotor blade temperatures is the opticat pyrometer
(Reference 3). With careful attention to calibration and given a system designed to compensate for or
eliminate such things as temperature dependence of the detector sensitivity, measurements of the required
accuyracy can be made. The primary sources of bias are first, accumulation of dirt on the optics and
second, radiation from the flame in the combustor which is usually immediately upstream of the turbine.

At PLWA a dual spectral area pyrometer has been developed which permits fiame radiation to be effectively
corrected. Dirty optics are avoided by a properly designed purge system.

This pyrometer measures the radiant energy, in two broad spectral ranges, which issue from a small area
on the surface to be measured. One spectral range is much more sensitive to short wavelength radiation
characteristic of the flame, and the other is more sensitive to the longer wavelength radiation emitted
by the cooler turbine hardware. A theoretical description of the means for correcting for the ref lected
radiation is described in Reference 4. The computations can be carried out in real time using high speed
analog circuitry yielding a continuous record of turbine blade or vane temperature. A typical
installation is shown in Figure 2. The pyrometer is focused at a fixed location in space and yields a
record of the blade temperatures appearing in its field of view. A typical example for one rotation of a
rotor is shown in Figure 3. This trace is corrected for flame radiation and shows an exceptionally hot
blade, a consequence in this case of an unanticipated obstruction in the blade cooling passage.

The point of observation can be scanned from the root to the tip of the rotor blades and, from this,
blade by blade mapping of surface temperature distribution can be made.

Some 1imited data has been obtafned which validates these pyrometer measurements through direct
observation of a rotor blade which suffered localized melting. The indicated pyrometer temperatures at
the time of melting agreed with the characteristic liquidus temperature for the alloy to within about
360F (20K). Direct comparisons with thermocouples have also been done in some cases Reference 5, but
again data is very limited especially when flame is present. In order to vaiidate the pyrometer results,
it is very desirable to occasionally make redundant measurements with metal thermocouples installed on
the blade or vane surfaces at surfaces where installation of the thermocouple produces negligible
perturbation of heat flow,

Pyrometry is frequentiy limited by lack of optical accessibility, or particularly at the turbine inlet,
excessive interference from direct or reflected flame radiation, In such cases use of thermocouples may
be essential although instaliatfon of wire thermocouples on cooled blades without modification of local
heat transfer can be very difficult (Reference 6). For this reason sputtered thin film thermocouples, as
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shown in Figure 4, are being developed {Reference 7)*. These thermocouples are in the form of very thin
films of platinum and platinum rhodium deposited on the blade surface over an oxide coating. Total
thickness of oxide and metal is less than 0,001 inches ’.0025¢wm).

GAS TEMPERATLRE

The gas temperature exiting a combustor has a very complex distribution in space and time. The measured
spatial distribution of gas temperature is used by the turbine designer to caiculate burner pattern
factors which are used as inputs to the turbine cooling design analysis. In order to determine pattern
factors, arrays of point measurements are required. A typical means for obtaining such data is through
the use of shielded thermocouples installed on the leading edges of turbine inlet guide vanes which are
located immediatetly downstream of the combustor exit (Figure 5).

The number of point measurements required to characterize the combustor exit temperature is large. The

potential range of temperatures of the gases entering the combustor extend from the compressor discharge

temperature, about 10000F (810K), to stoichimetric burning temperatures for common jet fuels,
38000F (2370K).

In an efficient combustor the highest gas temperature must be prevented from direct contact with metal
surfaces or loca! burnout will occur: Complete combustion of the fuel must occur with minimal formation
of NOy and finally turbulent mixing of the combustion and cooling gases must produce as isotherma! a
temperature distribution at the combustor exit as possible to minimize the occurrence of local hot spots.

Some idea of the number of point measurements needed can be obtained by reference to the accuracy
required of the turbine blade metal temperature measurements which, as stated above, is about +100F
{5.6K). In a typical cooled biade, a +100F (5.6K) error in prediction of metal temperature is
equivalent to about +300F (17K) in gas temperature. If we assume that we are sawpling ‘rom a
distribution of gas temperature ranging from the compressor discharge temperature to the stoichiometric
burning temperature, a range of over 20000F (1375K), between 100 and 1000 point measurements are
required depending on the precision of the individua! point measurements and the complexity of the
distribution,

Many efforts have been made to measure the mean and extreme properties of the gas stream (Reference 8)
These have included ultrasonic, radiation, optical and acoustic technigues, but none have been very
successful so far.

A typical approach to the measurement of temperature of a point in a high temperature gas stream is by
the use of a shielded thermocouple. The shielded thermocouple is designed to operate near the gas stream
temperature with minimal correction for radiation and conduction error. To obtain reasonable operating
{ifetime, it is necessary to maintain the most commonly used couplies (Type B8 Pt PT6Rh) below about
30000F (1925K). This temperature is less than the hot spot temperatures in many advanced engines and in
fact during engine development when the combustor design is still evolving, it is not unusual to expect
focal hot spots at stoichiometric burning temperatures. A new thermocouple pairing (Pt40Rh Ir4ORh)
devised by Glawe at NASA (Reference 9) promises to extend the !imit for noble metal couples by about
2000F (110K). These thermocouple Iimitations often make it necessary to obtain pattern factor data with
the engine running at legs than full power in order not to destroy the thermocouples.

A number of approaches are in progress for overcoming this problem as follows:

Refractory Metal Thermcouples - Metals {ike tungsten and rhenium make good thermocoupies but oxidize
rapidly particularly in the high pressure environment of a gas turbine engine. Efforts to avoid rapid
failure by providing protective coatings or sheaths have so far been unsuccessful.

Cooled Thermocouples - Thermocouples can be run at well below the gas temperature either by deliberately
designing for enhanced radiation and/or conduction cooling or by providing a colder gas for convection
cooling. When using such designs, it is essential to have well proven procedures for correcting to the
actual gas temperature from the measured thermocouple temperature. A very interesting thermocouple of
this type has been under development at NASA (Reference 10) which they call a pulsed thermocouple.
However, none of these have been used in large arrays for pattern factor measurements.

Another form of cooled probe usable at gas temperatures exceeding the limits of currently available
thermocouptes is the calorimetric probe shown in Figure 6, In this probe the hot gas is aspirated through
a small jacketed heat exchanger or calorimeter. The amount of heat given up to the calorimeter is
determined by the flow rate and temperature rise of the Iiquid coolant. Measurement of the fiow rate and
tﬁmperature of the gas at the calorimeter exit then allows the initial gas temperature to be deduced as
shown,

Optical Methods for Temperature Measurement - In the future it may be possible to probe hot flows with
laser beams and measure focal temperature and density using techniques such as CARS (Coherent Antistokes
Raman Scattering). These techniques are under active development (Reference 11), but they have not yet
been applied in high pressure !iquid fue! combustors.

Gas Analysis - A frequently used technique for calculating gas temperature uses a traversible cooled
probe to extract gas samples and then by chemical analysis of the constituents and given the combustor
inlet temperature, calculating the enthalpy rise and temperature of the gas, Reference 12. The method is
complex and requires great care to achieve reasonable accuracy, nevertheless it does work.

* Development work is currently {n progress under NASA contract NAS3-22002.
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OPTICAL METHODS FOR FLOW MEASUREMENTS IN COMBUSTORS
BURNER VISUALIZATION

Information on the gross properties of the flow in a combustor may be obtained by direct visualization
using an optical system capable of operation at high temperatures. The feasibility of direct
visualization has improved significantly in recent years with the availabitity of low loss high
resolution fiber optics that can be run at relatively high temperatures.

An example of an instailation with a 1000 field of view fs shown in Figure 7 . Systems of this type
are currently under development and are intended to yield information on spray angies, location and
dynamics of flame, flame impingement on liner walls and location of carbon deposits.

LASER VELOCIMETRY

The introduction of laser velocimetry has made possible the measurement of gas velocity and turbulence at
locations which were previously difficult or impossible to achieve with conventiunal probes. Because of
the nonintrusive nature of the technique it is especially usefu! in and near rotating blades in small
passages, and in very high temperature gases. Thus, it is now possibie to measure the velocity field in
combustors and turbines provided that suitable optical access can be obtained.

At PAWA in addition to extensive applications in fans, we have appiied the technique to the measuraneqt
of velocity fields at the exit of a duct burning fan {concentric high temperature jets). and at the exit
plane of experimental combustors. Measurements in high pressure combustors have aiso been demonstrated.

There are two basically different forms of the technique currently in use, the laser fringe velocimeter
as in References 13 and the laser transit or two focus velocimeter, as in Reference 14. Each has its
relative advantages and disadvantages. The principie difficulties in the use of laser velocimetry, aside
from the relative complexity of the apparatus, includes the selection of the most appropriate form of
velocimeter and involves the following fssues:

1. Optical access to the point of measurement must be provided.

2. Since the technique 1{is based on the scattering of Ilight from small particles either naturai or
artificially entrained in the flow, the particles must be small enough to accurately follow local
flow accelerations. Generally, particles smaller than one micron in diameter are required. Our
experience has been that there usually are sufficient particulates in the flow downstream of liquid
fueled combustors to provide quite adequate data rates. When insufficient particulates are naturally
available, we seed high temperature flows with finely divided aluminum oxide, using a fluidized bed
with inertial separations to insure dispersal of only small particles.

3. Because of light scattering from salid surfaces, measurements close to walls can be difficult.
Seeding with fluorescent particles can improve the situation in low temperature flows but since the
f luorescent dye is dispersed in droplets of organic solvent, it cannot be used at high temperatures.

The laser transit velocimeter because of fts higher intrinsic signal-to-noise_ratio may give the best
re;ul:!t;e;ear walls in hot flows although at present no comparative data on t’\e two systems has bheen
published,

4., If information is required on such things as the turbulence power spectrum or spatial correlation of
velocity filuctuations, it is necessary to use the fringe type velocimeter since, in the present
state of development of these instruments, only the fringe velocimeter preserves the velocity-time
relationships fn the flow.

Verification of turbulence power spectrum by comparisor between a laser fringe velocimeter and a hot wire
is shown in Figure _8 . The technique used in this measurement {s unique in that the spectrum is the
Fourier transform of the cross correlation function between two separate laser velocimeter channels
measuring the same velocity component at the same point in space.

Velocity correlations at different points in space, as well as correlations between velocity and
temperature fluctuations, have also been demonstrated in our laboratory.

RADIANT AND TOTAL HEAT FLUX

Although extens{ve measurements of heat flux have been made at low temperature, data taken in the hot
sections of actual gas turbines varies from very limited to nonexistent.

The conventiona)l methods for making total heat flux measurements, Reference 15, involve the use of
thermocouples to measure temperature differences fin sections of material of known geometry and
conductivity, A typical configuratfon is shown in Figure 9. The principle problems with the application
of these heat transfer measurement techniques in real combustors and turbines where very high
temperatures and temperature gradients are present {s to devise an installation which 1s rugged enough to
survive the environment without significantliy modifying the loca! heat flux and thus producing
fntolerably large measurement uncertainty.

Some work has been done on cooled turbine vanes by implanting large numbers of thermocouples, overcooling
the vane, and then abruptly restoring normal cooling. Extensive analysis of the distribution of transient
temperature rise then allows heat flux to be deduced.

Sensors for the measurement of total heat fiux employing carefully designed fine wire thermocouples
and/or sputtere+ thermocouples are currently under development but are not yet generaliy avaifable.




In a high pressure combustor it is necessary to distinguish between convective and radiative neat €i,x.
The temperature gradient sensors described above respond to total heat flux. The radiant component of tne
total heat flux can, in principle at least, be measured with a radiometer, A very interesting instriment
of this type was reported by Professor Moffat of Starford, Reference 16. In this device the heat transfsr
to a porous plug, Figure 10, is measured while blowing a cooling fiyid through the plug. when sufficione
coolant is flowing, the convective heat flux is reduced to zero and oniy t-e radistive component 5
measured.

STATIC AND DYNAMIC STRAIN

Extensive measurements of strain distribution on engine hardware are normally carried out as part of tne
engine development cycle; however, these measurements become increasingly difficult and uynreliable as
metal temperature increases. Capacitive type strain gages (Reference 17), which are best for use at high
temperature, are currently much too large to resolve the strain field in typical hot section components,
Resistive wire gages have the desired spatial resolution but exhibit the properties illustrated in Figure
11. Temperature and drift effects shift the gage zero point while leaving the siope approximately
constant. Therefore, dynamic or vibratory strain is much mare easily measured than static strain,

In engine development it would be very desirable to measure the strain range in turbine blade roots,
burner liners, etc. during typical take-off and landing engine power settings in order to confirm
predictions related to the low cycle fatigue {ifetime of the engine components. This is currently beyond
the state-of-the-art for parts which run above about 9000F (775K).

A technique which has proven very usefu! in the examination of hot section hardware under actua!
operating conditions is engine radiography, Reference 18. Although the method daes not ali-w direct
measurement of strain, it can very vividly show internal clearances, distortion and dimensional changes
of combustor liners, cooling louvers and the I[ike under both steady state and transient operating
conditions. The system in use at Pratt & Whitney Aircraft employs an 8 Mev linear accelerator X-ray
source in a shielded engine test stand, Figure 12. Images are recorded with either film or through a
video fluorvpscope. The accuracy of dimensional measurements from radiographs is timited by the
characteristic blur in X-ray images and is typically +.003" (.008cm) to +.008" (.020cm) on well defined
edges. To get better accuracy especially with thin sections and components with poor edge definition, it
is necessary to use digital image analysis techniques such as described in Reference 19.

CONCLUSIONS

Combustor and turbine development is hampered at present by significant limitations in measurement
technology. Many of the most critical parameters required for confirming the lifetime of hot section
hardware cannot be measured directly. This complicates the interpretation of endurance tests and
increases the time and cost of engine development.

Measurement of blade, vane and combustor {iner meta! temperatures can be accomplished using pyrometry
and/or thermocouples provided the precautions mentioned in the text are taken. The development of
sputtered thin film sensors shou!d significantiy improve our ability to instal! thermocoupies in cooled
components without modifying tocal heat transfer.

Gas temperature distributions using vane leading edge sensors in the range above 32000F (2050K) present
a difficult problem because of the rapid fajlure of standard noble metal thermocouples. Traversible
cooled probes using thermocouples or gas analysis can be used, but it is difficult to get complete
coverage of the entire gas path with a traversing probe. Optical technigues such as CARS have not yet
been demonstrated in gas turbine combustars.

Direct measurement in engines of radiant and tota! heat flux distributions on combustor liners or turbine
vanes and blades is currently beyond the state-of-the-art.

Spatially resolved static strain and measurement of strain range during engine acceleration and
deceleration cycles is also currently beyond the state-of-the-art for hardware operating above about
9000F (775K).
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DISCUSSION

K Kohse-Houinghaus, Ge

fn the first part of your lecture you have shown a slide where you compared the “"true’” metal temperature with

pyrometer measurements. How did you get this ““true’ temperature?

Author’s Reply

The slide showed two temperature signals from the pyrometers with filtered inputs and the third trace was the

‘corrected” temperature with the correction being accomplished by the *“dual spectral™ technique described in

Reference 4 of this paper. 1.e. Atkinson, W.H. and Strange. R.R., “Pyrometer Temperature Measurements in the
Presence of Reflected Radiation™. How well this “corrected™ temperature agrees with the “true’’ temperature
needs to be determined by comparison with metal temperature measurements made by other means.

JM.Owen, UK
With respect to the instrumentation of turbine discs, are sputtered thermocouples used and how are the reference arwr

temperatures measured? Do the sputtered thermocouples need individual calibration or can standard calibrations be

applied?

Author’s Reply
We normally use wire thermocouples on turbine discs although when the development of sputtered thermocouples

is complete, they could also be used in situations where conventional wire thermocouples are considered to be

unsatisfactory.
The intention of the sputtered thermocouple development programme is to produce a thermocouple with a

calibration very close to that of the bulk thermocouple material, so that no separate calibration is required.

Reference air temperature in disc cavities is normally measured with appropriately placed air thermocouples. The
data on air temperature are frequently not as complete as one would like because of the difficulties in placing such

thermocouples.

s S

R S




TECHNIZAL SUPPCSITIONS DEVELOPEL FOR

SMOKE MEASUREMENT.: DURING HIGH-PRESSURE FILL
ANNTULAR 7OMBUSTOR TWSTS AND ENGINE TRIALS
3. Kappier, J. Seyroth, 5. Huster
MTY Motoren- und Turd
Dachauer S*r. RA3, RBTOT
West -Garmany
Summary
Trie xnow,edge of smoke emissions from jet engines 1s af irterest for civi. 38 we., is
for military engine applications. Smoke emission measurements have become a3 neressary
and reliable tonl for low-emission combustor development., At MTU-Munchen twno measuri:.3

techniques were designed: one for reliable cross-correlat.ons and basic calibratisns

using stained filter paper, and another for fast continuous measurements based 7r an 5pti-
~al extinction method. The measuring systems are described in the paper and crass-—"-rre-
lation data with a sucked Hartridge smoke meter is presented. The paper also rovers the
sampling technique and the samplinj probes developed at MTU-Minchen. Analysis of results
of smoke-emission measurements from three combustors with different smoke suppression
methods showed good accuracy and reproducibillity of the incorporated measuring systems.

2. Introduction

The design of low smoke-emission combustors initiated by environmental requlatinsns'
and military requirementsé has prompted the development of exhaust smoke measurement tech-
niques. The test procedure for sampling and measuring exhaust smoke emissions for air-
craft gas-turbine engines compliance was specified by the U.S. Environmental Prntectinn
Agency”’. The procedure involves the divertion of a smal fraction of the engine exhaust
stream which is passed through a standardized filter at known sample volume,K and the .ass
in reflectivity of the filter is measured. Since this method was specially conceived for
engine compliance tests it has some drawbacks regarding combustor development work., The
main disadvantages are its inability to carry out continuous smoke emigsion measurements
and the time-consuming data acquisition which makes full annular combusgtor traversing
practically impossible. Other smoke measurement methods, where the transmission %f [igh*
through an exhaust gas sample is measured, exhibit unacceptable high errors at 5w smoke
concentrations. Furthermore, the accuracy of the measuring systems displays a marked
drift because of smoke particles which collect at the optical windows changing the |.ight
transmission. The in situ smoke measurement methods, which are based on the light-acatr-
tering properties of aerosols®, are still too sophisticated for engine development work.

Relying on the method that involves withdrawal of a sample flow, an improved tira4.
smoke meter was designed at MTU-Miinchen which permits continuous smoke-emission measure-
ments with sufficient accuracy at low smoke concentrations.

3. Description of smoke meters

The improved optical smoke meter designed at MTU-Miinchen is shown schematically in
Fig. 1. The exhaust gas sample is ducted through a circumferential slit into the measu-
ring tube. The sample flow which was greatly calmed and homogenized in the circumferen-
tial channel splits uniformly towards the tube ends. The homogenecus introduction of the
sample flow was necessary to avoid the formation of local density concentrations. The
measuring tube was uniformly heated by electrical coils wrapped tightly around the outer
surface. The inner surface of the tube was fitted with aluminum rings having their sur-
face stained to disperse light.

Purge air was introduced radially on both sides of the tube. The mass flow was bal-
anced in such a way as to keep the optical lens and the refelctor clean and to divert the
exhaust gas sample towards the outer collecting channel. The mixture of air and exhaust
gas sample was finally vented from the collecting channel. The length of the tube rele-
vant for smoke measurements was optimized as described later to 0.5 meters. A photo-
graph of the instrument is shown in Fig., 2. The measuring tube is placed behind the panel
which displays the control instruments for pressure, temperature and mass flow of the gas
sample and the purge air. The optical instrument is featured to the left of the smoke
meter.

The optical instrument, which was provided by the E. sick> company, employs a chopped,
dual beam optical system. The light from the source is divided into two parts by a beam
splitter. The measuring beam is transmitted through a semipermeable mirror and an opti-
cal lens across the entire width of the measuring tube to a corner - cube reflector on
the opposite side. The beam is reflected back to a photocell receiver in the optical in-
scrument, The reference light beam is projected directly to the receiver. The rotating
disk modulates the two light beams at two different frequencies (1.5 kHz) so that both
beams can be measured by the single photocell in conjunction with an electronic amplifier
and a readout unit, The reference beam provides automatic gain control and therefore
compensates for any change in light output or change in photocell .response as a result of
temperature changes, voltage fluctuations or aging of these components. Therefore, the
optical system is free of inherent Arift errors. The reflector aperture size was adapted
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Fig. 1 Scheme of Optical Smoke Meter

Fig. 2 Optical Smoke Meter

The optical instrument utilizes a photocell-filter combination to achieve a photopic
spectral sensitivity., The maximum light intensity is at 0.55 micron wavelength. The in-
strument avoids therefore large errors caused by water absorption bands in the near in-
frared region of the light spectrum. Furthermore it has a low response to submicron par-
ticulate matter which results in low errors implied by aerosols,

The milliamp current output of the instrument is direct proportional to the optical

density (D) across the light path {(1). The optical density is defined as the logarithm
to the base 10 of one over the transmittance (T}:

D = log 1/T (1)

The light transmission through a measuring volume is expressed by the ratio of the
attenvated light intensity (I) to the initial intensity (I,).

1
T = s (2)

A G




It ran Le related to the more practiral scale of opacity ‘Opl used (n Hartridge s< .«a
meters as:

Eqguation (1) can pe rewritten .n the form »f Bouguer's Law:
T = 19 14

Bv emplioying the Wweil known Lambert-Beer's Law to a unit volume 2f gas and ass.im.ng
tha* the light attenuation 18 caused by carbon particles alone, one 7an show that the r.
tical density 1s proportional to the pathlength and the concentration (0 2f ~arkan nar-
ticles:

where k 1s the coefficient of extinction.

This relationship can be readable used to optimize the smoke tube width, Since for
the two folded light beam the light path 1s twice the smoke tube width the latter was
designed to yield high density sensitivities for the range of smoke em1ssinns encountered
from airrcraft engines,

. The design features of the SICK optical 1nstrument assure an operational accuracy of
- 2.5% of the full scale span. The absolute accuracy of the scale of optical density can
be calibrated by density filters of known optical density. The calibration filters used
are shown in Fig. 3. Since the smoke emission of gas-turbine engines 1s low and falls
into a range where the optical density is nearly linear to the opacity only the filter
with an optical density of 0.073 was used for continuous calibrations. For the specific
light path optimized for the smoke meter 1ts optical density corresponds to on opacity of
15.75%. The filter can be easily swept by hand or by a time monitor into the iight path.

Optical Density

D = 0,073 D = 0.242 D = 0,602
Opacity
15.48% 37.5% 75%

H*q ——
i MB 0.4

o

Fig. 3 Calibration Filters of the Optical Smoke Meter
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able filter support in the midlie of the apparatus.

Fig. 5 ARP-117% Smoke meter

The filter paper inserted into the filter support was the required Whatman No. 4 pa-
per. The smoke spots accumulated on the filter paper during the sample operation and
were evaluated with a reflectometer which was incorporated in the apparatus shown in
Fig. 5. The measuring principle of the reflectometer 1s shown in Fig. 4, The light beam
of the source was directed onto the filter paper and the diffuse reflectance was measured
by a photocell. The smoke number (SN) was calculated from the reflectance reading of
each spot by:

SN = 100 (1 - Rs/Rw) (6}

where R_ and R are the diffuse reflectance of the sample spot and clean filter, respec-
tively.  The smoke number of four sample sizes was determined according to the specifi-
cations and plotted on semilog coordinates, with the sample size per unit filter mediun
area (W/A) as the logarithmic abscissa. The reported smoke number was read from the

straight line joining the four points for the specified sample size W/A = 0.0162 gm/mm2.

The reflectometer was calibrated for total reflectance with a standard having a white
chalk coloured surface and for total diffusion with a black standard. Calibration was
made reqularly throughout the measurements.

4, Sampling technique and probe design
The sampling system used for smoke measurements during combustor rig and engine com-

pliance tests is shown schematically in Fig. 6. The sampling lines, their geometry,
overall length and bending radius correspond to the EPA requirements. The lines were
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Fig. 7 Sampling Probe for Combustor Tests

For sampling smoke emissions from combustor rig tests a five-point water cooled
pitot-like probe was designed, and is depicted in Fig. 7. The width of the probe corre-
sponds to the annular combustor exit plane height. The cooling water impinges on the
hot leading surface of the probe and is drained along the inner structure. It is kept
under pressure above a temperature of 100°C. The five gas sampling lines are joined in
a main duct as shown in the photograph. The sample gas temperature inside the duct is
monitored by a thermocouple.

Three gas sampling probes were installed in the combustor chamber outlet plane as
shown in Fig. 8, 1In order to obtain a full outlet traverse during a complete traverse
gear sweep they were placed 120° apart. During the same sweeps, temperature traverses
of the combustor chamber outlet were also recorded and it was possible to select a single
probe smoke emigsion traverse as well. The photograph shows the probe set-up for high-
pressure combustor tests. One can see the combustor exit liner and the pressure nozzle.
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A multipoint sampling probe for smoke measurements was desi;gned at MT!" Mun-rer rased
on the specification for engine compliance tests laid down by EPA. A schemati- ~f =-ea
probe and scme special design features are shown in Fig. 3. The 23 sampling ho.es were
»f equal diameter and covered the exhaust gas jet. The sampling probe was placed .mme-
diately behind the engine exit plane. The cooling system was desigred ts pratect the
probe even during engine reheat cperation. The cooling water was injected into the f-or-
ward plenum of the probe. From the plenum the largest part of the water was passe-t
through thin hoies i1n the wail and impinged on a co6.ing jacket, [t was then Airecte-d
along the slit between the jacket and the outer structure surface ta the rear ani verced
into the exhaust gas stream. The other part of the water passed through hzoies ;n *he

strut from the plenum into the afterbody of the probe, from where 1t was alsc vented -+

the gas stream.
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Fig. 9 Sampling Probe for Engine Tests

The principal pressure drop of the exhaust gas sample occurred at the entrance ori-

fices. The samples were mixed in a main sampling tube installed in a heating tube, thus
avoiding the precipitation of water. The heating medium was hot exhaust gas entering the
tube through pipes arranged at the outer region of the gas jet. The flow rate of the hot

gas was monitored by thermocouples to keep the temperature in the tube around 150°C. The
installed probe during engine reheat operation is shown in Fig. 10. The probe was used
for smoke and gas component emission measurements as well,
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. Torre.ation of smoke emission data
The tweo smoke meters connected to the same sampling probe as shown in Fig, # were ~a-
.icrated to each sther during high pressure combustor rig tests. This method of <Tross-
~aLibrat.on was chosern because no specified absolute smoke concentration calibLer exists
and techninues basing on the formation of well defined aerosol mists were not reiiatle,
A typica; examp.e of such a cross-calibration 1s shown on the graph in Fig. 1l. The d1-
recr read:rng of the ARP 117% instrument, i.e. SN, acquired from four samples, is pintted
a77a.nst vhe optira, density indicated by the optical smoke meter for the same ranmbustnar
wrerating conditiosns. The scale on the right represents the smoke density »f the sample,
I+ was nbta.ned Ly measur:ng the mass of each smoke spot »n the filter paper ard relating
The calibration results plotted on the graph were ontained

Lttt the urat sanp.e sirze,
fr.m rests With various combustors.

Fig. 10 Smoke Sampling Probe During Engine Test
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Fig. 11 Calibration of MTU Smoke Emission Instruments

The range of data scatter depicted on the graph can thus be explained by the error in
the instruments themselves which becomes larger for low smoke numbers and by the differ-
ence of carbon particle size distribution for low and high smoke emission combustors.
Viewed through a microscope the nature of carbon particles deposited on the filter paper
appeared somewhat different for low smoke and high smoke-emission combustors. An example
of smoke spots sampled from various combustors is shown in Fig. 12. The filter papers
were placed on the rotating disc in such a way as to show a clockwise reduction of SN.
Although no detailed investigation was included in this program for determining the
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composition and the particle size distribut:on of the smoke Spots, 1Y was jual.tat.vely
osbserved that low-smoke combustors depoSited small .77 umi and snft ~arhon garticles
whereas high-smoke combustors emitted larger (0.2 pum} and more rrittie mavrer.a., The

soft carbon particles tended to aggliomerate very irreqularly on tre f:i.ter paper surface
which made the smoke spot become more or less diffuse to light reflection. The sptical
diffusion coefficient (K) of the smoke spot can be expressed by the numper 5f particlies
per unit volume (n), the average projected area of each particie (A} and the speci1f;-
absorbance {(qg):

K= nAg (71

Fig, 12 Smoked Stained Filter Paper

Stochastic agglomeration of particles on the filter surface can obscure the average
projected area and since the intensity of the reflected light is a function of the opti-
cal diffusion coefficient, different reflectivities where measured for the same true
smoke density.

It should be noted therefore that the optical diffusion coefficient (eq. 7) can be
set equal to the extinction coefficient (eq. 5) only 1f the smoke spot is uniformly cov-
ered by particles. Thig result restricts the characterization of smoke emitted by turbo-
machines made by Pianko® to such cases of uniform particle distribution on the smoke spot.

The correlation between the smoke numbgr SN and the smoke density agrees well with a
similar relationship reported by Champagne®.

As can be seen from Fig. 11, the cptical density was affected to a lesser degree by
the constitution of the smoke plume. Since the smoke particles moved homogeneously
thrcugh the smoke tube, no local agglomeration was possible and, as has already been de-
scribed, the photopic light system prevented the light attenuation by small particulate
matter. Furthermore, low smoke-emission combustors had a steady smoke emission charac-~
teristic as is shown in Fig. 15.

The correlation between the smoke number and the optical density for SN 50 can be
expressed as

SN = 224 p0-513

(8)

This relationship was used to compare engine smoke emission measurements with compli-
ance regulations. The MTU optical smoke meter was calibrated against a Hartridge smoke
meter by using the same sampling line connections shown in Fig. 6 only substituting the
ARP 1179 instrument. The calibration results are shown in Fig. 13 where the Hartridge
Smoke Units (HSU) are plotted against the measured optical density for the same combustor
operating point. The relationship between HSU, wich is identical to the opacity of the
gas sample, and the optical density is linear for the low smoke emission. Since the ex-
haust gas sample under investigation was the same for both instruments the coefficient of
extinction and the smoke concentration were identical. The optical density of the
Hartridge smoke meter can be deduced therefore, from equation 5 as:

1

~HSU
D = D, —— (9)
HSU MTU 1MTU

The broken line in Fig. 13 represents this relationship. Since the length of the
optical path of the MTU smoke meter was chosen to be approximately twice that used for
the Hartridge meter, the sensitivity of the MTU measuring instrument was greatly improvead.
As illustrated in the graph by the shaded portions, the sensitivity of the optical den-
sity of the MTU smoke meter has doubled in the range of smoke visgibility. A further in-
crease in the path length, which would have resulted in still higher sensitivities, was

o




discarded because the transient response of the instrument wou.d have been worsened w,ng
to the longer filling time of the smoke tube.
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Fig. 13 Calibration between MTU-Smoke Meter and
Hartridge-Smoke Meter

The calibration results were compared with correlation formulas deduced from previous
measurements. They are plotted in Fig. 14 as HSU versus SN together with correlations
given by Pianko® and Shaffernocker®. The improved sensitivity of the MTU smoke meter
made 1t possible to obtain reproducible results for low smoke emissions, which allows for
a reliable correlation at SN<20.
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Fig. 14 Comparison of Smoke Emission Data

The MTU correlation curve and the relationship given by Shaffernocker agree well for
SN«50. Both curves were determined experimentally. The theoretical curve by Pianko for
an assumed coefficient of extinction k = 0.5 deviates from the measured values even for
SN<50. The reason of this deviation has already been described and stems from the assump-
tion that the coefficient of absorbtion is equal to that of extinction. Shaffernocker
has obtained a good correlation of his experimental data by using a value of k = 0.9313
for the extinction coefficient.

6. Combustion chamber and engine smoke measurements

The optical smoke meter has been extensively used for combustor development work and
engine compliance tests. Its ability to monitor continuously the optical density of ex-
haust gas samples made it possible to determine locally sources of high smoke production
in combustors during high pressure operating conditions.

Some typical traces of smoke emissions from combustor development teats are shown in
FPig. 15. The variation in smoke emission expressed in HSU sampled by a single sampling
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rake (see P1g. 7) during a stepwise traverse of 120° 1s plotted for a combustor at three
development stages. The traverse gear, which was rotated by an increment of 5 Adegrees,
was heid in the same pos:ition for 0.5 minute to allow stabilization of the measuring con-
ditions. The combustor operating conditions were the same for all three traces:

inlet pressure and temperature 15 bar and 837 K respectively, and air fuel ratio 42.

agenda _ ez~ volues

[} l '
[HSU : . ‘
I “. ‘J ‘\ o ~Standard Combustor(S()
r y, | ot
¢ -
c .
o 6 v—: T 120
3 \ ‘v i -=Traverse Gear Pasition
E oo Lk
[*5] r.’ \41 ' ' I .
™ A
Z. L
e LNy . - Reduced Smoke
v d l\_/ ; o & - L{ombustor RS(
M [ vhJ H" }
A ~ e . coad
- 4 myy
2 o A S T
. ! s e Low Smok
et —rd ow oke
L_ by Tt : « ], - Combustor (15C)
.y JO) P VRSN M URPRCRIRU PR
Zero Setting.- - Zero (heck

3 6 .. .9 12
Traversing Time (mins)

Fig., 15 Smoke Emission Traverse from HP Combustor Tests

The standard combustor, which incorporated vaporizers for fuel injection, exhibited
large variations in smoke emission levels. From the pattern of smoke variation 1t was
possible to locate sources of smoke formation in the primary zone and hence design modi-
fications to avoid them, which were incorporated in a reduced-smoke combustor. This com-
bustor showed a more uniform annular smoke distribution at a lower level. Aerodynamic
rebalancing of the primary zone resulted in a low-smoke combustor which had a uniform
smoke emission at a mean level below 1 HSU., The mean values shown on the graph were cal-
culated off-line by an automatic data acquisition system. The knowledge of full annular
smoke emission distribution has proved to be a necessary prerequisite for developing
successful smoke reduction modifications for combustors.

Results of smoke emission measurements from engine tests using the according sampling
probe (see Fig. 9} are represented in Fig. 16, The measured HSU values are plotted
against the high pressure shaft rotation. The result of combustor development work be-
comes very obvious, the engine fitted with the low smoke combustor has a smoke emission
level below the visibility threshold over the full operation range. The results of com-
bustor rig tests at engine conditions compare well with the engine results. Since they
are not corrected by the amount of HPT cooling flow which mixes with the main gas stream
and causes a reduction in the smoke concentration and thus in the HSU value, they lie
above the curves linking the engine smoke measurements.

1z T T T Standard Combustor {SC)
[HSU] Rig Tests at
w0t Engine Conditions

(Results not corrected

S by HPT-Cooling Flow)

2

[

w

& ¢ /-Reduced Smoke Combustor(RSC)
]

[

v P S

_~ Low Smoke Conbusror(Lsc)

&i
80 * 90 100
Shaft Rotation (%)

Pig. 16 Smoke Emission Measurements from Engines




7. Conclusions

By using an optical densitometer with high accuracy and 1ncorporating 1t in a new.y-
designed smoke tube an indirect optical system has been developed with sufficient sensi-
tivity to evaluate low smoke emissions from gas turbine engines. Because of the opti-
mization of the optical path length of the system with regard to high sensitivity and
transient response, continuous monitoring of smoke emigsion from combustors and aircraft
engines was possible. Calibration of the optical system with an ARP 1173 smoke meter,
using the stained filter paper technique, fcr smoke measurement, and a Hartr:idge instru-
ment showed reliable data, which were reproducible at low smoke concentrations. Since
the system 1s compatible with automatic data acquisition, fast evaluation of test data
was possible.

The sampling probes designed for high-pressure combustor and engine compliance tests
permitted the extraction of representative exhaust smoke samples. The measurement of
full annular smoke distributions at combustor outlets has proved to be an indispensable
information for low-smoke combustor design.
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DISCLSSION

K Kohse-Homghaus 1«
How do you detine anake s that it o aot dependent on the type of mixture and so that you have no need to
correct iof shsarption b Hydracarbons, SO, H, O ete

Author's Reply
Smaoke in our ferminology s black. grey or even whate particles, including acrosols. suspended 1n the gaseous ¢ xliaust
stream whicty abscu. o reflect and refract bght  Therefore any particles or chemucal substances like hydrocarbons or
SO, that sttenugle Leht are smoke and we do not have to correct for their absorption. For the gas turbine producer
smoke st you wish g definstion and not a specific substance.

E.Covert, 1S
Would you please discuss the problem of selecting the velocity of flow in the samphing tube and the cell to keep
particles suspended over a wade range of particle size?

Authar’s Reply
The velocity of the flow in the sampling tube was selected to keep smoke particles afloat. To achieve this, a series
of tests was necessary and the results from those tests are in fact the actual operational know-how. The way the
exhaust gas sample is introduced into the smoke measuring tube and the purge air mass flow is adjusted, required a
good deal of experimental work. Although | don’t want to quote exact figures, I can give you an indication of the
range of velocities by telling you that the sample mass flow is four to five litres per minute and the approximate
inner diameter of the tube is 50 cm.

V. Wittmer, Ge
In the paper a smoke number (SN) is described. Does a correlation exist between this SN and the soot number of
the Bacharach scale?

Author’s Reply
The correlation between the smoke number. SN and the Bacharach soot number is described in the literature. You
can find a correlation curve in the paper by Shaffernocker which I have listed in the references. We have not
calibrated our optical smoke meter against an instrument recording soot numbers because the latter is much too
insensitive at low smoke concentrations. The Bacharach soot number is therefore also not being applied in
combustor or engine development work.

D.H.Lister, UK
One of your slides showed the calibration curve of the MTU optical smoke meter against an ARP-1179 filter system.
The minimum values were about SN = 20 where the errors were becoming significant. Would it be feasible to use
the optical method for making satisfactory measurements below SN = 20, (e.g. at SN = 10) since this is the region
for many civil engines?

Author’s Reply
The graph in Figure 11 you are referring to was limited to SN = 20 because the ARP-1179 instrument was not
accurate enough for lower values. It was difficult to get a decent grey spot on the filter paper even for large sample
sizes like 500 litres. We omitted. therefore, for calibration purposes, smoke concentrations below SN = 20. The
optical instrument, however, is well suited to measure values of SN = 10 (i.e. D = 0.01) with the accuracy
described in the paper. In fact Figure 13 shows a measuring point at D = 0.012. It one concentrates measurements
of smoke emissions below SN = 20 one can calibrate the full-scale span of the optical instrument accordingly to
D = 0.025 and use such a calibration filter for continuous checks. Let me stress especially for civil applications the
advantage of the optical smoke meter, which needs a sample flow of only about five litres per minute for accurate
readings, as compared t0 up to one hundred litres per minute for the ARP-1179. The saving in measuring time and
costs becomes thus obvious.

J.S.Lewis, UK
Are you surprised at the good correlation that you obtain between rig and engine tests particularly when you
consider the different conditions that exist; for example,
(i) on the bypass engine in question the turbine exhaust gases partially mix with the clear air from the fan at the
nozzle exit plane which makes obtaining a representative sample difficult?

(ii) does any burn-out of carbon particles occur between the combustor exit plane (on the rig) and the engine
nozzle exhaust plane?

I e R ———
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Author’s Reply
[ was surpnised. and obviously pleased. by the good correlation between engine and rig results. but a detaied look at
the correiation, which will also answer your two questions, makes it not so surpnsing but obvious. First, the exhaust
gas sample holes in our engine rake cover anly the outlet area of the core jet. We avoid therefore the mixing etfect
of the bypass air and do measure in fact the smoke emission from the combustor. Second. the already small smoke
concentration measusred during combustor tests makes after burning of smoke particles improbable and this is
praved in fact by the good correlation. If one bears in mind that the combustor tests ar> perforined under true
engine conditions (pressure, entry temperature and AFR) the good correlation is, as [ have mentioned. not really

surprising anymore,

W.G.Alwang, US
Is it a problem to keep the optics free of dirt and soot? Does the calibration drift due to this etfect?

Author’s Reply
Since the purge air on both ends of the tube diverts the exhaust gas sample completely. no dirt or soot reaches the

optics and hence we do not have problems of keeping them clean. In fact, as you can see from the sketch in
Figure 1, the advantage of our design is that we can even skip the application of windows which are the source of
probiems in conventional apparatus. As a consequence we do not have a calibration drift caused by sooting of glass

windows. We use, if you wish, aerodynamic curtains.




ETUDE DES GAZ D'ECHAPPEMENT D'UN TURBOREACTELR EN RECHAUFFE
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Centre 4'Essais de Villaroche Saclay
77550 Moissy Cramayel, France 91406 Orsav, France

RESUME

La connaissance des températures locales et des concentrations en eapéces polluantes dans le jet d4'un tur-
boréascteur en rechauffe est utile au motoriste & deux titres :

- d'une part, pour optimiser le rendement de la réchauffe,
- d'autre part, pour évaluer l'importance de la pollution de 1'air créée par le moteur.

Un dispositif d'analyse des gaz prélevés par peignage & la sortie de la tuyére d'un moteur OLYMPUS au saol
et en altitude simulée est présenté.

Les résultats obtenus montrent la difficulté de figer la composition des gaz prélevés avant |['analyse et la
nécessité d'améliorer les techniques de mesure dans les gaz d'échappement a haute température.

1 - INTRODUCTION

La connaissance des températures locales et des concentrations en espéces polluantes dans le jet d'un tur-
boréacteur en rechauffe est utile au motoriste & plus d'un titre. Elle lui permet d'une part de calculer le
rendement de profil et le rendement enthalpique de la rechauffe et de disposer des données de base pour opti~-
miser la répartition du carburant dans le systéme de rechauffe. Elle lui permet d'autre part de rechercher
les sclutions susceptibles de diminuer la pollution due & la rechauffe en partant des données recueillies
expérimentalement.

Rappelons en effet qu'en rechauffe une combustion résiduelle importante se produit dans le jet issu de la
tuyére permettant 1'oxydation d'une fraction du Co et des hydrocarbures imbrilés présents a la sortie de la
tuyére. La mesure de la pollution d'un moteur doit donc en principe se faire dans un plan situé suffisamment
loin dans le jet pour que par suite du mélange avec l'air ambiant, les évolutions chimiques soient termi-
nées. Ceci a été effectué pour connaitre la pollution au régime de décollage au sol mais ne peut se faire ai
1'on veut mesurer la pollution d'un moteur en rechauffe dans les conditions d'altitude. En effet on ne peut
en général pas réaliser la mesure au caisson d'altitude trés loin de la tuyére et en outre la simulation de
1'écoulement externe n'est pas correctement simulée, les évolutions chimigues n'étant alors pas semblables
4 ce qu'elles sont dans la réalité ; on est donc contraint d'effectuer la mesure dans le plan de sortie de
la tuyére et d'utiliser une modélisation de 1'évolution des espéces polluantes dans le jet pour calculer la
pollution résiduelle effective.

Toutefois la mesure de ces températures locales trés élevées, dans un environnement trés sévére, ainsi que
le figeage des échantillons gazeux prélevés posent des problémes difficiles que nous avons tenté de résou-
dre par l'utilisation de sondes & détente supersoniques.

Une campagne d'essasis sur moteur OLYMPUS au caisson d'altitude R5 du CEPr a permis d'exploiter ces techni-
ques sur un systéme de rechauffe simple ; les résultats de ces essais sont présentés dans ce qui suit.

2 - MATERIEL EN ESSAI - EQUIPEMENT DE MESURE

2.1 - Le moteur en essai

Le moteur en essai est un turboréacteur simple flux avec rechauffe OLYMPUS 593 Mark 610 de conception ROLLS-
ROYCE/SNECMA présenté en coupe Figure 1.

Le taux de compression est de 16 au décollage et 11,3 en croisiére. Les compresseurs basse et haute pres-
sions ont tous deux sept étages de compression et chacun est entrafné par une turbine mono-étage. Le moteur
est équipé d'une tuydre primaire & section variable qui permet en ajustant des vitesses de rotation des
corps haute pression (HP) et basse pression (BP) d'obtenir simultanément les vitesses de rotation et la
température d'entrée turbine optimales dans toute la plage de variation de la température de 1'air a
1tentrée du moteur.

La rechauffe permet avec un tauvx de rechauffe de 20 % de réaliser au décollage une poussée trés élevée par
rapport 4 la poussée utilisée en croisidre (5 fois plus). Elle est utilisée pendant l'accélération trans-
sonique et la phase de montée & 1'altitude de croisiére. Le systédme de rechauffe est de conception SNECMA
ainsi que 1‘'ensemble des tuyéres primaires et secondaires. Le systéme de rechauffe comprend un stabilisateur
torique & profil en V de 570 mm de diamétre et une rampe d'injection de carburant & contre-courant a enciume
située en smont du stabilisateur. L'ensemble est fixé sur le c8ne d'échappement.

2.2 - Equipements de mesures et d'essais
3.2.1 - Caisson de vol simuld
Le caisson en vol simulé peut 8tre utilisé pour des essais aérodynamiques et des essais de moteurs complets

on veine forcée ou en jet 1ibre. Un schéma du caisson est présenté figure n® 3. Il est représentatif d'un
essai en veine forcé du moteur OLYMPUS. Le caisson est divisé en deux compartiments.

TRV
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- un ‘ompartiment de tranquillisation relié aux circuits A'air 4'alimentation o 31 Asaure par, aea
{imensinna une faihle vitesse favorable a la mesure de la pression Jénératrice rt au fonctisnpement .
pavillon A'aspiration. Ce pavillan, aqui n'est pas 1ié mécaniquement au mateur perwet. aprée n ataln-

nage préalabla, le calcul du déhit d'air,

- un compartiment aval, relié aux circuits {'extraction, dans lequel ~at 1i3pO%é le mateyr on nzzal. (e
dernier est fixé sur une bascule reposant sur des lames Slastiques ot anlidaire A'un Avnamomérre
jauges de contrainte permettant la mesure de la pouszgée.

Lea dispositifs de mesure sont reliés a un ordinateur capable d'acquisitions et de ~alcule on tamps recl.,

Le systeme d'acquisition automatique permet de relever en 6 secondes plus de 300 paramétres. i‘arifinateur
asaure également un rontrdle tu bon fonctionnement de la chaine de mesures et le cralcul on temps reel des
paramétres utiles & la conduite de 1'eszai. Lea calculs plus élaborés sont effectués en tempe Lifférs o

partir des valeurs enregistrées pendant 1'easaj.
2.2.2 - Le_dispositif mobile_ de prélévement
Le dispositif mobile d‘'analyse de gaz comprend :

- un peigne de prélévement des gaz,

- un Support motorisé assurant le déplacement du peigne.

a) - Peigne de prélévement

Le peigne de prélévement de gaz a é&té concu et réalisé par la SNECMA. [l est du type Ait "3 figeaqe
rapide”. Ce peigne est représenté sur la planche n°® 3, L'ensemble du peigne est en acier inoxviable
Z 10 CNT 18.

I1 se compose de huit sondes identiques équidistantes. Dans chaque sonde,comme l'indique 1o deasin de
la figure n° 4, les gaz sont détendus dans un divergent dont le col a un diamétre de | mwm, puis
circulent dans un premier tube A section constante suivi d'un second tube d'un diamétre supériecur,

Les gaz brfilés sont acheminés dans huit tubes disposés axialement et collectés & une ex*rémité sur un
support thermiquement isolé, Les tubes passent dans une gaine alimentée par de 1'air chaud obten. par
le chauffage électrique de 1'air industriel et maintenu & 150° C afin d'éviter toute condensation
d'eau et d'hydrocarbures.

Les efforts aérodynamiques sont supportés par un tube interne épais et repris aux extrémités par deux
brides liées au dispositif de déplacement.

Un circuit d'eau assure le refroidissement de 1'envelope externe et des huit sondes de prélévement de
maniére que la température du métal n'excéde pas 200° C et ce afin d'assurer une bonne tenue mécanique
du peigne dans le jet du réacteur. Ce circuit est alimenté par une pompe a4 eau dont le débit est de

12 m3/h sous une pression de 2 bars par 1'intermédiaire d'une arrivée unique ; 1'@vacuation se fait
par deux orifices calibrés permettant de régler la répartition des débits servant au refroidissement
de l'enveloppe externe d'une part et des huit sondes de prélévement d'autre part. La température de
sortie de l'eau a été maintenue au-dessous de 80° C par le réglage du débit d'eau.

Le peigne de prélévement a été disposé a une distance de 0,25 m du plan de sortie de la tuyére.

b} - Support motorisé

Le support motorisé assurant le déplacement du peigne de prélévement est représenté schématiquement
sur la figure n° 5.

Le peigne est fixé :

~ & sa partie inférieure a une bride solidaire d'un tube mobile autour d'un palier fixé sur la partie
basse du caisson,

- & sa partie supérieure & une bride solidaire d'un écrou sur coulisseau se déplagant sur une tige
filetée dont la rotation est assurée par un moteur électrique refroidi & 1'air comprimé.

Le déplacement du peigne est donc angulaire. Son déplacement permet d'assurer les mesures dans toute
la section de la tuyére.

A 1'autre extrémité de la tige filetée sont fixés deux potentiométres refroidis par de 1'air atmosphé-
rique, qui déterminent la position angulaire du peigne par des tensions variables enregistrées sur
voltmétres numériques. Une courbe d'étalonnage transforme ces tensions en valeurs angulaires qui sont
enregistrées sur 1'ordinateur.

Des butées limitent le déplacement angulaire du peigne et déterminent une position de référence peigne
vertical.

La commande de la motorisation est effectuée A partir du local d'analys~s, mais une commande de sécu-
rité permet de figer le peigne en dehors du jet A partir de la cabine d'essais

2.2.3 - Le _circuit_de transfert

A la sortie du peigne, les gaz sont acheminés jusqu'au local d'analyse par huit tuyauteries. Ce circuit se
compose de 2 parties :

- un trongon de 1 m en tuyauteries souples (Téflon) de diamdtre 8 mm & la sortie du peigne de prélévement,
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- un troncon d'une lrngueur 46 7.5 m en tuyauteriess inoxvdables de diamétre 8 sm reliées par des raccords

inoxydables.

Chaque trongon forme un faisceau de 8 tubes entourant nune ame d'amiante et sur lequel est enroulé un cor-
dorn enauffant calorifugé (figure n® 6), Le maintien de la température des tubes 1 150° C est assuré par
dea thermocouples de masse qui commandent la marche ou 1'arrdt du chauffage.

al

b

e

S

a

b)

c)

a)

2.2.h - Le circuit_d'analyse de gaz
circuit d'snalyse de gaz es8t situé dans le local d'analyse et est constitué par (figure n° 63,
L'ensemble Ge commutation chauffé,
L'enaemble pompe a vide et circuit de refoulement,
Le circuit de purge,

Les analyseurs,

Les circuits de mesures,

L'ensemble de commutation

Cet ensemble a pour but de sélectionner une des 8 lignes de prélévement a l'aide d'un jeu d'électro-
vannes. Il permet donc d'effectuer successivement 1'échantillonnage des 8 lignes de mesures et la
mesure de la pression de chaque ligne. Cet ensemble est chauffé a 150° C.

L'ensemble pompe A vide

Son réle est d'extraire le prélévement de gaz échantillonné en créant une trés forte dépression dans la
sonde (sonde a figeage supersonique).

La pompe est chauffée, elle a un débit de 400 1/h & 20 kPa.

A la sortie de la pompe un circuit en dérivation permet de décharger la pompe vers 1'atmosphére afin de
maintenir constant une pression de 105 kPa vers les analyseurs pour un débit de 250 1/h environ.

En dehors des périodes d'analyse, le gaz prélevé est refoulé vers 1'atmosphére. Un clapet anti-retour
interdit l'entrée d'air atmosphérique vers les analyseurs dans le cas ou lapression de refoulement

devient inférieure & la pression atmosphérique.

Le circuit de purge

Son rdle eat de purger & contre-courant & partir de 1'ensemble de commutation jusqu'au peigne de préié-
vement les huit lignes avec un gaz neutre (azote) pour éviter un encrassement de celles-ci lors de
1'allumage du moteur ou de la post-combustion.

Ce circuit comprend :

- une bouteille d'azote. Cet azote est détendu a 5 bars,

- des é&lectrovannes qui isolent le circuit vers la pompe pendant la phase de purge.

lLes analyseurs

A la sortie de la pompe les gaz prélevés entrent dans quatre analyseurs :
- un analyseur de CO
- un analyseur de COy
= un analyseur de CHQ
- un analyseur de NOY

Chaque analyseur préléve un débit de 60 1/h que 1'0n peut régler individuellement. La pression et la
température sontmesurées & l'entrée des analyseurs.

Analyseurs CO ~ CO2

Les analyseurs fonctionnent sur le principe de 1'absorption de rayonnement infrarouge (NDIR) par le
monoxyde et le dioxyde de carbone.

Le circuit de prélévement est commun aux 2 analyseurs. A l'entrée des analyseurs, dés la fin de la par-~
tie de ligne chauffée sont montés en série un vase de condensation maintenu A 0° C, un dessicateur chimi-
que et un filtre afin d'éliminer toute trace d'eau et de particule.

Chaque analyseur a son propre circuit d'étalonnage comprenant des bouteilles de gaz de titres différents
et un rack d'étalonnage qui permet de sélectionner la teneur désirée et de régler le débit & 1'entrée de
1tanalyseur.

Analyseur de Nox

Cet analyseur fonctionne sur le principe de la chimilumi es Il ponsdde une pompe de circulation i
1a sortie, le réglage du débit se fait par un robinet de laminage & 1'entrée. Il n'y a pas d‘élimination
d'eau préalable, un dispositif spécial permet d'éviter les condensations dans 1'appareil.

AR,
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Cet analveeur poaséede ésgalemsnt son circuit dtétalonnage partiellement chauffé,

Analyveeur Ade CHA

Cet analyseur fonctionne sur le principe de l'ionisation d'une flamme d'hvdrogéne, Il poaséde une pompe
de circulatinn chauffée 4 130° C ot possede également un circuit 4'étalonnage.

e Lea circuite de mesures

[os tempiratures dea jaz dans les tuyauteries de prélévement, les températures de masse de ez tuvaute-
ries, lea températures Ara a7 4 l'entrie des analyvseurs sont enreqiatrées dans la cabine A'casais.

Lea mesurea eoffectusea par les analyseurs sont enrrgistrées ot envoyées sur l’ordinateur.

3 - FXPLOITATION DES RESULTATS ['FESSAIS

3.1 - Paramétros intervenant dans le déposillement

L'rnsemble des dispositife de mesure présentés ci-dessus, ainsi que les paramétres aérothemmodynamiques 4u
moteur permettent de connaltre lea variables suivantes qui serviront directement au dépouillement des

eaRais

~ pression totale sortie moteur PTJ : valeur thermodynamique calculée,

- pression totale au nez de chaque sonde : valeur mesurée en chaque point de mesure pij,

- pression statique externe du jet : pression caisson PC mesurée,

- débits de carburants dans la chambre principale et dana le foyer de rechauffe mesurés au banc d'essai,

- débit d'air moteur : valeur calculée,

- paramétres aérothermodynamiques 4 l'entrée du moteur,

- concentration en polluants gazeux : valeurs mesurées en chaque point de mesure par analyse de gaz et cor-

rigées pour tenir compte des dérives éventuelles des analyseurs contrélés périodiquement pendant l'essai.

3.2 - Calcul de la valeur moyenne de l'indice d'émission

Les analyses des gaz prélevés au travers du jet fournissent les valeurs des concentrations ponctuelles en
C02. co, CHX‘ NO et NOX.

Nous avons porté les valeurs mesurées en fonction du rayon relatif de mesure r et tracé le

mesure/rtuyére
profil moyen de chague polluant obtenu sur l'ensemble du jet.

Ce profil doit &tre intégré pour obtenir %a valeur moyenne de l'indice d'émission de chaque polluant :

1
B Re 29U R IE (x) dR
(x) 4;11 29 R 4R

°
Pour cela il faut calculer en tout point la masse volumique et la vitesse a partir des mesures de pressijon
d'arrdt en aval du choc situé au nez de la sonde P'i et des concentrations en CO, coz, etc e

1E

Un programme de calcul fournit les températures d'arrdt et la richesse en chaque point de mesure a partir

de la température & 1l'entrée du moteur et les valeurs des concentrations mesurées.

On suppose que la pression totale 4 la sortie du jet est uniforme et égale & la valeur thermodynamique
calculée PTJ. Le rapport P'i/PTJ permet de calculer le nombre de Mach local et la pression statique locale.

S5i la pression statique ainsi calculée est inférieure 3 la pression caisson, ce qui se produit sur les bords
du jet en raison du gradient de pression totale, on fait l'hypothése que la pression statique est égale i la
pression caisson, (hypothése réaliste compte~tenu de 1'étude des profils de pression et du nombre de Mach

par la méthode des caractéristiques), et on recalcule & partir de P'i mesuré la valeur du nombre de Mach.

Ceci permet de calculer en tout point la valeur du produit g\f et d'intégrer 1'indice d'émission des polluants
pourvu gque la limite géométrique du domaine du jet soit connue. Il est parfois difficile, compte-tenu des
dimensions de la barre de mesure et du petit nombre de points de mesure de délimiter le jet avec précision,
dans ce cas nous avons choisi la limite de jet de telle sorte que les écarts entre les valeurs recalculées
par intégration et les valeurs mesurées du débit de carburant et du débit dtair moteur soient minimales,

En fait c'est 14 que réside la plus grande incertitude dans le dépouillement en ce qui concerne le rendement
dynalpique de rechautfe, car celui-ci est trés sensible au choix de la limite d'intégration, Par contre
1'influence de la limite d'intégration est moins sensible sur la mesure des polluants gazeux compte-tenu des
valeurs trés faibles rencontrées sur les bords du jet.

4 - RESULTATS DES ESSAIS

Nous présentons ici les résultats obtenus dans les conditions simulées d'accélération transsonique ainsi que
ceux mesurés dans les conditions plein gaz au sol.

Les résultats figurent dans le tableau 1.




Les figurea 7 a 15 montrent

La carte de teqpér.ture en rechauffe dans les conditions transsoniques a M = 1.2 - Z - 33000 ft, 1}
profils de température et concentrations en polluants mesurées au plein gaz sec ot au plean 9az rechaufs,
dans les conditions sol.

IR

La connaissance de ces profils est indispensable 8i 1'on veut modéliser 1'évolution lea capecea
polluantes dans le jet, on notera particuliérement les profils de CO trés plats en moteur sec alors qu'en
rechauffe la présence A‘'une zone réactive eat révélée par le pic de CO.

C'est d'ailleurs sur le profil de température ot la posjtion de ce pic de CO que l'ingénient pourra
Jjouer pour diminuer la pollution résultante & quelques dizaines de métres en aval de la tuvere,

NO P .
La figure 16 montre les rapports ﬁa% telm qutils ont Até mesurés en ec ot on rechauffe montrant la

proportion non négligeable de N02 présente en rechauffe au décollage.

Nous avons cherché a comparer le rendement enthalpique mesuré par analyse de gaz et le rendement enthalpi-
que déduit des calculs de cycle aérothermodynamique.

11 apparait un écart d'environ 6 points qui peut &tre d) 4 plusieurs causes d'erreurs, d'une part une man-
vaise estimation du rendement de profil résultant du profil de température a la sortie de la tuvére et dont
la valeur absolue varie beaucoup avec la limite d'intégration, d'autre part les hétérogénéités de tempera-
ture et vitesse dont la figure 1 donne une idée et qui rendent l'intéqration imprécise en faisant 1'hypo-
thése d'une symétrie de révolution, enfin il n'est pas impossible que les réactions chimiques se poursuivent
en aval de l'onde de choc détachée présente au nez de la sonde. Des mesures optiques effectudes dans des
conditions aussi sévéres que celles-ci permettraient de lever le doute en ce qui concerns l'efficacité du
figeage réalisé par l'ensemble de prélévement.

5 ~ CONCLUSION

Une technique de prélévements d'échantillons gazeux dans le jet d'un moteur en rechauffe a 4té dévelopoae

et mise en oeuvre par la SNECMA et le CEPr pour caractériser le fonctionnement de la rechauffe dans les
conditions d'accélérations transsoniques et au régime de décollage au sol du moteur OLYMPUS 593. Une telle
technique permet de disposer des profils de température et des polluants gazeux a la sortie de la tuyére ot
permet de connaitre le rendement enthalpique et le rendement de profil de la rechauffe ainsi que les valeurs
initiales nécessairés & un calcul d'évolution des espéces polluantes dans le jet supersonique.

Une telle technique peut &tre appliquée également avec succés a4 un moteur double flux et apporter des ren-
seignements précieux pour améliorer le fonctionnement de la rechauffe ou réduire les émissions polluantes.

IABLEAU 1
Conditions cas . Conditions amont Taux de Indices d'émissions
simulées Conditions emtrée moteur rechauffe rechauffe de polluants
™ z P T P T e co HC NO
ft 1 kPa Lo KPa ok X
0,9 | 33000 iy, 7 -8 145 990 o 8,36 0,32 10,92
14,5 % 80,05 27 7473
1,2 | 38000 50,4 12,6 149 977 [¢] 7,35 0,582 11,45
13,2 % 58,72 33,19 6,55
1,7 | 43000 80 78 180 966 [o] 5 0,875 17,6
13 % 63,5 33,34 11,8
o o 95,7 12 302 1040 (o] 3,75 0,27 17,8
17,5 % 154 17,9 10,9
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DISCUSSION

G Kappler, Ge
(1) Are your samphing lines heated and. if so, what was your gas sample temperature?

(2) You did present results of emission measurements only for one engine operation point  Since we have done
similar measurements, | would be particularly interested if you can comment on the vanation ot unburned
Hydrocarbon when accelerating the engine from minimum reheat to full reheat.

(3y  How well does the air-fuel ratio measured from gas sampling compare to the ratio calculated from engine data”

Réponses des auteurs

S.Ropars
1) Les lignes de prelevement sont chauffers a2 150°C. il en est demins pour la pompe.

P.Gastebois
(2) Les essais n'ont été faits qu’aux reglapes nominaux de la réchauffe en accélération transsonique et au sol.

(3) Le recoupement de la richesse est utilise pour calculer le rayon limite d’integration, en minimisant les ecants
entre débit d’au calcule et mesure ainsi que débit carburant calcule et injecte,

N.LHay, UK
What is the position of the reheat stabiliser in relation to the non-dimensionalised radial profiles given in the figures?

Réponse d*auteur
P.Gastebois
Le stabilisateur et situe environ au 1/7e diamétre de la tuyere.

o




PROBE MEASUREMENTS IN MULTI-DIMENSIONAL
REACTINC FLOWS

F. €. Gouldin
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Siblev School of Mechanical
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SUMMARY

The time-mean response of pressure and sampling probes to pressure, densitv and
velocity fluctuations in turbulent reacting flows is examined bv averaging over the
insrantaneous probe response. Corrections for fluctuation effects are found to be neces-
sary if data obtained by these probes are to be used to find mean velocitv and concentra-
tion information. Correction terms for pressure prohe readings are well founded and of
general applicability, while sampling orobe correction terms are well founded onlv if
the sample flow is choked at the probe inlet, a state which mav be difficult to achieve
in practice. Also, probe induced flow field perturbations are discussed for measurements
in swirling flow. It is recommended that to avoid perturbations the smallest possible
probes be used and that combustion conditions be monitored, e.g. with wall pressure tapos,
during probe insertion in order to detect perturbations should thev occur.

INTRODUCTION

Sophisticated new diagnostic technicues such as Raman scattering (RS) and laser
doppler velocimetry (LV) are expected to provide new and important information for velocitv,
temperature and composition in flames, model combustors and practical hardware. However,
it is highly unlikely that these and other new measurement technicues will evolve to a
point where their use is routine in combustor design and development procedures. Instead,
because of complexity and expense, their use will be restricted to situations where no
other satisfactory techniocue is available and the information to be obtained is essential
for progress. It is clear that nrobe technicues will continue to find avplication and,
conseaquently, there is incentive to refine these technidues and expand their range of
applicability.

The use of advanced diagnostic techniques for conventional probe development has been
suggested, and the advantages of such an aprroach are obvious. In anticipation of research
and development work on probes, it seems appropriate to review what is known oresently
about probe measurements and to suggest important experiments to verify probe performance
and guide improvements. In this vaper, such a task is undertaken for gas sampling probes
and pressure probes. Attention is focused on measurements in turbulent reacting flows such
as would be encountered in model combustors and practical hardware as opposed to laboratorv
flames. Primary interest is focused on effects of turbulent fluctuations in pressure,
density, temperature and composition on probe performance.

To be effective a sampling probe must be accurately located in the flow field, extract
a sample characteristic of the local gas composition in the absence of the probe and
convey that sample to the analysis equipment without chemical change (bv guenching the
chemical reactions). These requirements have been discissed to varving deoths in the .
literature. Ouenching requirements have received the most attention and excellent papers
are available [e.g., 1,2]. Pressure probes face similar reauirements. Namely, pressure(s)
related to local static or stagnation pressure(s) must be a-tained at the nrobe pressure 3
tap(s) and then faithfully transmitted to the pressure transducers used in the measurement
procedure. For both types of probes there should be no disturbances created in the flow
bv the probe. In turbulent, reacting combustor flows these goals are never fullv realized,
and it is therefore necessary to determine the extent of departure from ideal behavior and
to assess the errors incurred thereby.

PRESSURE PROBES

In turbulent flow a probe is subject to varying yaw and pitch angles, varying veloeitv
magnitude and varying static pressure. Generally, the dynamic response of the pressure
probe and transducer system is too slow to allow for instantaneous pressure measurements.
Therefore, in the present discussion attention is focused on the measurement of time mean
properties, and it is assumed that the probe and transducer svstem are designed to give an

. accurate measurement of the mean static pressure occurring at the orobe's pressure tap(s)
[3). Under this assumption, probe performance in turbulent flow is determined bv the
relationship of the static pressure at the probe's pressure tap(s) to the local undisturbed
values of pressure and velocity.

There are a large number of pressure probe configurations available for various appli-
cations; see the review by Bryer and Pankhurst [4). For steady laminar flow, probes are
available for measuring total pressure, local static pressure and flow direction. When
the local flow direction is known and the pressure probe aligned with respect to that 14
flow, static and total pressure may be measured to good accurgcy with relatively simple
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and reliable pitot-static probes. Pressure and velocity gradierts, flow confiremen: and
the proximity of sclid boundaries are well known sources of error in such pressure measure-

ments for which, in most laminar flow cases, correction schemes are available [4]

The measurement problem is considerably more complex when the flow direction is either
unknown or is to be determined. Total pressure and to a lesser extent static pressure
probes are available which are insersitive to flow direction up o relativelv larpe vaw
and pitch angles. However, multi-h-le probes are required {f both velocitv directicn and
magnitude are to be measured. Multi-hole probes are emploved in twn distinct wavs
1) Pressure differences in appropriate pairs of pressure taps are used to find vaw and
pitch angles relative to the probe axis via calibration curves. or 2) the prohbe mav be
aligned with the flow as indicated bv enual pressures in approoriate pairs cof pressure
taps, the null mode. The latter mode is considered more accurate but requires a complex
apparatus for manipulating the probe and relativelv free access to the flow of interest
to allow for this manipulation. Bryer and Pankhurst [4] discuss a number of these prohes
and probe support systems; references 5 and 24 contains an example of such an access
problem and one possible solution. In either mode of operation, probe calibration is
required, and the density must be known (or measured) if the velocitv mapnitude is to be
found along with the flow direction and static and dvnamic pressures,

In general, multi-hole probes are larger and less accurate than standard total head
and static pressure probes. Thev are also susceotable to errors induced bv velocitv and
pressure gradients, and the magnitude of these errors has not been fullv assessed. If
sufficient data for the pressure and velocity fields are available some correction for
these errors seems possible, but no guidance for correction procedures is readilv availa-
ble in the literature.

The maximum yaw and pitch angles to which these probes will overate are limited (40
is near maximum for the best three- and five-hole designs), and consequentlv experimental
problems arise when the flow direction is highly variable over the measurement volume and
null model overation is not feasible, e.g. in practical combustors. Macfarlane [6] has
proposed a seven-hole probe especially for gas turbine combus%ors which mitigates these
problems. The probe (Figure 1) is designed to rotate around the probe support axis upon
which the probe tip lies. This probe configuration allows one to align the probe tip in
vaw. Five pressure tapes are located on the spherical surface of the probe tip in the
plane of the probe support axis. Using appropriate combinations of these five taps very
large (: + 90°) pitch angles can be measured.

For these probes, calibration in steady laminar flow is required to develop the
required relationships between pressure readings and dynamic head and flow direction. In
principle, the flow to be measured must be steady or slowlv varving laminar flow and
locally, near the probe tip, the decelerating flow must be adiabatic, quasi-steady, and
inviscid. The latter two requirements are considered satisfied provided [1/C aUf3t! << 'U/D’
and Re = UD/v > 100 [4,7] where U 1is the undisturbed local flow velocity and D 1is a
characteristic dimension of the probe tip. 1If the decelerating flow is constant density,
Bernoulli's equation may be used to rélate static and total pressure, which further
rquiris I1/e 30/3t} << jU/D] and M = U/e < 0.2 (¢ 1is the sound speed and M the Mach
number) .

For applications in laminar flow the multi-hole pressure probe may be considered to
be well developed, and, provided errors introduced by probe interference, large pressure
gradients, etc. are either avoided or accounted for, accurate measurements of total pres-
sure and flow direction can be made. Compared to standard static and total pressure probes,
when applied to flows of known direction, the multi-hole probe is not as accurate [4]

In practice, multi-hole probes are frequently emploved for turbulent flow measure-
ments, and although turbulence is known to influence the nrobe response, the effect is
frequently ignored. Laminar flow calibrations ace used to interpret the raw, time-mean
pressure data, and the results are reported as mean velocitv, mean static pressure, etc.
Hinze (8] suggests that the influence of turbulence on pressure probe readings may be
analyzed by considering appropriate averages of the time varying probe response as deter-
mined from laminar flow calibrations. Becker and Brown [3] pursue this line of reasoning
for a simple impact probe, while Bennett [9] follows a similar path for a five-hole probe.

Hinze proposed that the directional response of a total pressure probe in a steady
laminar incompressible and inviscid flow may be represented by

P, - P = 1/20U2[1 - Bl - cos 8)],

where Py 1s the measured pressure; P the local static pressure; U the speed; 6 the
anﬁle between the probe axis and velocity vector; and B 1is a constant. Becker and Brown
[3] suggest an alternate form based on extensive measurements and a literature review,

B, - P = 1/2 U2(1 - R(sin? &)™, 69

which 18 good up to flow angles of 40° to 45°. K and m are constants which devend on
probe design and are best found by calibration. m generally falls between 1 and 3, while
K varies from 2 to about 5.




Tn turbulent flow with proper internal desien. the measured pressire fram a3 =res:iure

nrobe will he the time-mean nf the static oressure at the orohe nressure “ao Turreer=rve
if the decelerating flow associated with the probe is nuasi-steady, inca~oressihle. etc
Fauarian 1 is wvalid far anv time, and the meacured time mean is simplv *Se =earn ~f P
. . 2{1-m) ,2m
Boo= B+ 12 :r?> - 1ok 2D 0,

Angle brackets and overbars are used to denote *ime-averaged nuantities. Bercver and
Brown define U as the velocitv component nervendicular *o the =zrobe axis

n

Ui = Fs + Ug with the probe axis parallel to the x axis. It iIs assumed thar =he nr e is
. : s .2 ,2 2 ; w s

aligned with the mean flow, and therefore. ty = uv‘ + u; . since T = v7 = . with l-wer

case, primed letters dencting fluctuations about the mean value. The assumprions =—ade in
establishing Eq. (2) imply a turbulence length scale much larger than D

In order to evaluate <:U2(1'm)tim:> Becker and Brown assume the velocity fl:ucrua-

; . . : 2 2 2
ions,are uncorrelated and normally distributed with uy™> = <u;™> and <Kuy'>+=

3u >, where ¢ is a constant ecual to 1/2 in isotropic turbulence and to appr ximarel-
one in shear flow.

With the probe response and turbulence chatacteriitics establishsd, Becker and Brown
propose and evaluate procedures for measuring 1/2: <UZ2> and 1/2;Ux. Errors in the
measured quantities due to turbulence are calculated and reported as a function of turbu-
lence level for different probe parameters. The results indicate that certain orobe tip
designs are more desireable than others due to differences in response to vaw and pitch.
and they allow one to judge the error in his measurements based on his estimates of
turbulence intensity. Furthermore, if the intensity is known corrections can be applied.

The need for an independent measurement of the mean static pressure is recognized bv
the authors as a fundamental problem with their approach, but they make no attempt to
analyze the response of a static pressure probe in turbulent flow. There has been specu-
lation regarding the effect of turbulence on static pressure measured with a standard
static pressure probe [e.g. 4,7 and 10], but little systematic research. Bradshaw and
Goodman [10] have shown for jet flows and probes of reasonable size that measured static
pressure readings are very close to the actual static pressure (less than approximately
(0.02)1/2004 difference). Extension of these results to other turbulent flows and to
flows of high turbulent intensity appears unwarranted. A systematic evaluation of static
probe directional response in steady laminar flow should be of value, but the assumption
of quasi-steady probe flow needed to apply the results of such 3 sfu&y to turbulent flows
will be difficult to justify since it requires [L/T! « {1/ &u'¢> /2 where L 1is the
distance from the probe tip to the static pressure holes and @ “is the scale of energv
containing eddies. The preferred approach to measure P, where possible, is to measure

at a wall and to determine P 1in the free stream by solution of the appropriate
momentum equation [e.g. see References 3 and 4].

Becker and Brown [3] recognize in the pressure probe response to turbuleat fluctua-
tions an opportunity to measure root-mean-square fluctuation levels. They pronose that
two physically different impact probes with different K and m values be used to measure
Py at dynamica%ly 73uiva1ent locations in a flow and show how the results mav be analvzed
to estimate Cu'#>1/2. This approach is obviously a method of last resort and its
significance has diminished with the continued refinement of hot-wire and pulsed-wire
techniques and the introduction of laser doppler anemometry.

Bennett [3] considers the response of a five-hole probe in a general, reacting
turbulent flow. Under similar assumptions for probe response as those of Becker and
Brown the pressure at tap { on the hemispherical probe of Figure 2 may be written as

Py = P - Ay (8,0)00%, (3)

si o
where P,  is the static pressure at the 1th tap, P, 1s the local total pressure, Aj
accounts for the probe response in yaw and pitch, and U 1is the local spee The Ai(e,o)
for a probe are found by calibration in a steady, laminar incompressible flow. To i
further analyze the probe response, Bennett expands AE in a Tavlor's series about ¢

he

and @, the mean yaw and pitch angles, and calculates mean of Pgy. Reglecting terms
of third order and higher in fluctuation quantities, he finds that

Pl =P - Al 02 -5<ud 420K uD )
Ai'e[U2<p'e'> + 205 <e'uD ]
- AM[UZ <K'e> 425K D> ]

FOLszay L, <6 I> A Kete> 4 1/2a <'2>)

1]

+ higher order terms. (4)
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Subscripts preceged bv a comma denote partial differentiation with reapec® *» tha* variahle
‘.A1

e.g. . Ai s T (/13312 All derivatives are evaliated ar - and :. and A, {s *=e
value of A; at 3 and 3.
|
Tveicallv, all corrvelati.n terms are neplected, and the meas-red F;g fram *re five
pressure taps are analvzed to obtain =2, ¢+ and - U~ If rurbulent flucfiarions are

significant the error in this approach can be estimated from Fq & Far exarple. Remne*:
presents error estimates for measurements in the flow behind an arrav of rotating comnres-
sor blades. The flow is constant densityv and hence Eq. 4 mav be simplified

- ’;2 '2
Fsi =P - Aio[:/l, A

o
_ Ai_% 20 - <—‘4"u'> - Ai,b 2Ua <D'U'>
(T211/2a; b SR Al <7D+ 24 < ©

Hot-film anemometry is used to obtain information on turbulent fluctuations <:u'2:>/F2 =

0.06, <}'2:> = IO'a(radz) and <:“'2:> = 10-2(rad2). The resulting errors are es*imated
to be -2.0""in yvaw, -0.2° in pitch, 1% increase in dynamic head, and a 3.5% decrease in
total pressure divided by dynamic pressure. For high intensityv combustors which are
characterized by more intense turbulence and by density fluctuations, larger errors are
expected if fluctuations are ignored.

Bennett sees the influence of turbulent fluctuaticns on pressure probes primarily
as a complication. On the other hand, one may view the appearance of fluctuation terms
in Equation 4 as an opportunity. Including & and ¢, Equation 4 contains fourteen
unknowns. With a five-hole probe used at three different orientations and/or with a
probe with more holes, it is possible to obtain sufficient pressure readines allowing one to
solve for all the unknowns. Alternatively, in the spirit of Becker and Brown, one might
consider the use of more than one probe confifuration to obtain the necessary data.
These pressure measurements lead to a set of 14 algebraic equations for the unknowns. In
general the solution of these equations would be by an iteration technique since the
A; and their derivatives are functions of & and 4 and these functions must be
determined by probe calibration. According to Bennett [9] calibration can be performed
with sufficient accuracy to obtain accurate values of both the Aj and their derivatives.
Clearly, error accumulation in this procedure can be significant, and therefore, the
pressure readings must be made with precision and the choice of probe configuration and
orientation must be made with care.

In certain flows, Equation 4 may be simplified usually by taking advantage of symme-
try characteristics. For instance, in a two-dimensional shear layer with the probe axis
in the plane of the mean flow, the mean yaw angle, ¢, is zero and <}‘e':> = 0,
<s'$™» =0 and 'u'> = 0. Furthermore, the assumption that

<¢'2> x <e'2> * a <u'2> /U2 would appear consistent with the forepoing development.
is estimated from independent considerations of the flow field, e.g., it is 3 in
isothermal, isotropic turbulence and approximately &4 in isothermal shear flows. Also,
density can be inferred with sufficient_accuracy from temperature measurements. One now
if faced with seven unknown including @, rather than fourteen, and seven independent
pressure readings must be obtained from pressure taps in the plane of the mean flow either
with a seven-hole probe, with multiple probe orientations or with different probe config-
urations placed at dynamically equivalent positions in the flow.

O0f the turbulence quantities to be measured by this approach «<s'u"> is perhaps
the most significant. In principle, all the other guantities can be measured, provided
there is access for LV; o'u’ cannot be measured with confidence. Furthermore,
interpretation of LV results is” clouded by a number of singal analysis and seeding bias
problems; seed bias introduced by density fluctuations in reacting flows is one of the
more si‘gnificant ones, Thus, the measurement of o'u' and an independent measure-
ment of U and <3)'é> for comparison with LV results would be very helpful in further-
ing the development of laser velocimetry for combustion applications. Also, a measure-
ment of p'u’ alpng with U and ¢ will allow for a direct determination of the
Favre mean velocity, § = sUS/p = T + <p'u'> /0. a quantity about which there has
been much spectulation [11]. Also this procedure of making multiple pressure measurements
will give improved results for the mean velocity and flow direction over those obtained
by ignoring fluctuations effects and will provide an estimate of the errors introduced
by neglecting fluctuations without having to make auxiliary turbulence measurements.

To the author's knowledge there has been no attempt to employ multi-hole pressure
probes in the manner suggested here. 1In view of the ease of pressure probe measurements
and the nature of the 1n%ormation which can be obtained, this approach deserves careful
evaluation. For example, the results of multi-hole probe experiments conducted in
laboratory turbulent flames, e.g., jet diffusion flames, according to the foregoing
suggestions could be compared to velocities obtained by laser velocimetry. Furthermore, !
density measurements by laser scattering, either Raman [12] or Rayleigh ¥13.16]. could
be coordinated with velocity measurements to determine correlations such as o'u'
and <p'e'> thus allowing for a complete evaluation of the probe technique. More
complex flow conditions could also be considered.

p
!
}

" PP — o e - - N ———e



In the above analvsis as noted, the assumption is made *hat *the decelera*iny fl-w
in front of the probe is adiabatric. incompressible and inwviscid T€ trere is significane
heat transfer fo the probe tip, the adigbatic assumption {s no longer valid Therefrre .
=ighlv conled probes should be avoided if pnssible

PROBE DISTURBANCES

A maior difficulty associated with probe measurements of anv kind s the onssihijicy
nf probe induced perturbations of the flow field Well known exarnples nf such perturba-
tions are probe blockage in confined flows and flow distortion when measuring in b~undarv
lavers. This problem can be especiallv severe in combustors which are characrerized bv
complex flow patterns and a high degree of confinement Furthermore. in comhustors and
other flow systems with limited access, perturbations mav not be readilv avoarent during
the experiment or in the experimental results. For instance, apparent flow asv-retries
ohserved in data obtained with a prnobe inserted transverse to the flow mav be the resul:
of probe blockage which increases as the probe traverses the flow field. Also, in
combustion systems there is more opportunitv for interferences. for example, the probe
may act as a flame holder. Most experimentalists are aware of the potential for probe
induced perturbation, but, unfortunately, there is little information either in the form
of theory or empirical rules to help one anticipate and avoid these problems [1].

The following types of interferences appear to be of major concern: probe blockage,
generaticn of secondary flows, tripping of flow instability and local flow changes due
to the wrenence of the probe. For combustion systems we must add to the list possible
interactions between the probe and chemical reactions, e.g. flame holding and catalvtic
reactions. The occurrence of any of these effects is dependent on the probe geometry and
location in (ke flow field and on the apparatus configuration and flow conditions.
Therefore, generalizations concerning the potential for interference are difficult to
make and are of limited usefulness. It seems obvious that an important consideration is
to keep the probe dimensions small compared to local characteristic flow dimensions. If
probe cooling is necessary, small probes such as may be required to probe regions with
large gradients will be difficult to manufacture.

Swirl flow is known to be particularly semsitive to distortion by probes [1,15]
and is a flow characteristic common to many gas turbine combustors. Bilger [1] notes for
swirling flow the potential for secondary flow along the probe support towards the vortex
core when a probe is introduced perpendicular to the vortex axis. In laminar flow for
intermediate swirl levels when vortex breakdown is either present or incipient, the
occurrence of significant probe induced perturbations is well documented [13,14], while
at higher Reynolds number with turbulence present, evidence in the literature,
[15,18,24,25] though not conclusive, indicates that perturbations may or may not occur
depending on specific flow conditions and probe design. For very high levels of swirl,
extremely long recirculation zones are observed and the flow field may be quite complex.
Such high swirl levels are not typical of gas turbine combustors. Of concern in the pre-
sent context is the potential for perturbation in turbulent flow for all but the highest
swirl levels, especially when reverse flow is present. Thus, the laminar flow experience
is primarily of interest for what it implies about turbulent flows. As an example of the
nature of probe interference problems and because of the significance of swirling flow to
gas turbine combustors, the present discussion will be limited to this type of flow.

Hot-wire anemonetery and multi-hole pitot probes have been used widely in the past
to investigate turbulent, swirling flow [5,18,19,20,24]. The shortcomings of these methods
in three-dimensional highly turbulent flow have been recognized, but in the absence of
more satisfactory techniques they were accepted and the experimental results treated
accordingly. More recently, laser doppler velocimetry techniques have been employed to
make non-intrusive velocity measurements in swirling flow. These new data provide an
opportunity to make, at least indirect, comparisons between data obtained by intrusive
and non-intrusive methods.

With all the probe measurements made in turbulent swirling flow there have been very
few references to significant disturbances induced by the probe. Both Chigier [15] and
Oven, et al. [27] report perturbations when a probe is introduced into or near the swirl
generated recirculation zone for intermediate levels of swirls in combusting flows where
the probe acts as a flame holder. Comparison between velocity measurements made with
probes and laser velocimetry [5,19,17,18] show differeaces as would be expected due to
the large number of possible errors associated with probe techniques and, to a lesser
degree, to errors in LV measurements, but the differences do not suggest probe perturba-
tions. Also, comparisons between hot-wire and pressure probe data %or mean velocity
magnitude [5,24] in swirl flow with and without recirculation are favorable indicating no
probe interference since one would expect different disturbances from the different probes.
Cagssidy and Falvey [25) note the disappearance of hot-wire probe interferences in their
data as the flow Reynolds number is increased and turbulence is observed, which supports
g?e hypothesis that interference is much less likely in turbulent flow than in laminar

ow.

Chigier [26] suggests that interference in these flows can be avoided if the probe
dimension is much less than the thickness of the vortex core. The laminar swirling flows
in which probe perturbations are observed are of sufficiently large Reynolds number to be
predominately inviscid, and the vortex core in such flow is a small confined cylindrical
region. In turbulent flow, at least in the mean, the vortex core is much larger. There-
fore, 1f Chigier is correct, a perturbing probe in laminar flow may be small enough to
be non-perturbing in turbulent flow. Alternatively, these differences might be explained
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in serms »f prohe interacrtions wit> *"e axia., vortex filaments which corprie *Re vhrtox
cnre In cvlindrical laminar flow, thrse filaments are undisturded upsrream »f e

yortex hreakdown, but with the insertion »f a probe, f{laments are lccallv dis-urbed ant
4is*irhances mav propagate aiong them causing a ¢iznificant change in the flow far awa-
from *he probe 1€ +he flow is turbulent . these wnrrtex filaments are Rhizhlv d.stoarcel
s *re turhulence ard the insertion of the »robe adds no significant new distorrion in
ei*ner case *ne evidence indicates rhat turhulenr flows with low ~r moderate swirl levels
appear much less susceptable tn orobe perturbations than are laminar flows, provided *-e
nraobes are small.

With combustion present, flame holding by the probe is alwavs a potential nrobier
ard in swirling flows has been revorted bv Chigier EIS] and by Oven. et al 727 Further-
more. Oven, et al. revort apparent inconsistencies between measured mean terperature and
mean fiuel concentration at various points in the recirculation zone of thier model combs-
sor Laree mean temwneratures are observed at points where on a time-mean basis 3ubstantial
amounts of fuel are unreacted. For these measurement points, no probe distortion is
apparent visually. This inconsistency may be due to the influence of turbulent fluctua-
tions on the sampling and measurement process--which seems uniikelv to the author.
Alternativelv, it mav be due to radial in-flow along the probe bodr--a cvlindrical probe.
transverse to the flow was emploved--as predicted bv Bilger (see above and Reference 1).
Other subtle probe effects mav be a frequent but as yet unobserved occurrence in these
flows. More research on these problems is required for their recolution, and until suchk
time as they are resolved, we must proceed with caution.

These swiriing flow, probe interaction problems are an example, perhaps the best
example, of problems stemming from probe aerodvnamic effects which wiil occur to varving
degrees for any type of probe be it thermocouple, gas sampling or pressure probe. Inter-
ference can be expected in any flow especially recirculating flows and in other elliptic
flows. 1In conductire experiments, probes should be small and steps should be taken to
monitor one or more critical combustor parameter(s), e.g. wall static pressure, flame
appearance, combustor exit temperature, or flame luminosity, during nrobe insertion for
indications of probe induced disturbances.

Systematic studies of probe interferences are needed to resolve these questions and
to guide probe designs and application. Probe performance in flows such as bluff bodv
wakes, behind steps and in swirl generated recirculation zones should be evaluated for
di fferent probe configurations. Non-intrusive flow measurement techniques such as
schlieren and laser velocimetry can be used to monitor flow conditions with and without
the probe present. Pitot probe performance in such flows could also be checked bv com-
parison with laser velocemetry results. The influence of flow confinement in promoting
or suppressing interferences should also be studied. Optical techniques such as Raman
scattering and coherent anti-Stokes Raman scattering also can be used to measure
composition and temperature for comparison with probe results.

SAMPLING PROBES

In this section, our discussion will focus on the influence of external aerocdynamic
effects and not address probe quenching questions. The importance of rapidly quenching
reactions in the gas sample to preserve sample composition is broadly recognized
[1,2,28,29,30]. Recently this subject has been studied intensively especially in regard
to the conversion of NO to NOj; in conventional sampling probes [26,27). With reasona-
ble care it appears possible to %reeze major species concentrations in the sample via
rapid quenching with water or low pressure steam cooled probes. With regard to aerodynamic
quenching, a technique frequently used in low pressure flames, theoretical analysis [2)
indicates that it is difficult to obtain sonic velocity at the sampling orifice due to
viscous effects and therefore in many cases "aerodynamic'" quench probes actuallv depend
on conduction for quenching. 1In low pressure flames conduction along the probe body and
support may be sufficient to keep a cool tip on an aerodynamic probe. However, in high
intensity combustors, cooled probes should be used to insure quenching.

Quenching in conventional (thermal or aerodynamic quench) orobes is not sufficientlv
rapld to preserve reactive species concentrations in the sample. If these components
are to be measured through gas sampling, molecular beam sampling systems are required [31];
it is Jdoubtful that these cumbersome sampling devices will ever be suitable for sampling
from model combustors or actual hardware. They will not be considered here.

In this paper, attention is focused on the the aerodynamic aspect of the problems of
bringing an accurate gas sample to the mouth of the sampling probe in turbulent reacting
flows. These problems include 1) turbulence effects on sampling, 2) aerodynamic pertur-
bations by the probe and 3) thermal and chemical perturbations induced by the probe.

Probe perturbations are discussed in the previous section; in this section the emphasis is
on the first {ftem.

The possibility of sample distortion due to turbulent fluctuations in density, compo-
sition and velocitv has been noted by a number of investigators. Drawing an analogy with
the problem of sampling small particles from a two phase flow it has been suggested that
isckinetic sampling ({resumably relative to the mean flow velocity) is necessary to avoid
bias due to density fluctuations [1,32]. However, to the author's knowledge, there has
been no systematic study of this problem., 1In light of the preceeding discussion of pres-
sure probe measurements it seems appropriate to approach this question by considering the
response to yaw and pitch, velocity and density of a sample probe in steady laminar flow
and then average over the turbulent fluctuations.




For reacting flows this approach {s cnmplicated bv the nrazihility ~f large densi::
fluctuations. In addition. uniess the probe has a sonic nrifice. fluc*uatinrs in av~ier-
conditions may drive flow oscillations in the sampling svetem - the orohe, sarmc.ie *rarafier
line and conditirning svstem, and gas analvsis enuioment For the nurdeses of {lluesyasi--
it will be sufficient to examine the sampling ornblem under twe [imi*ing cases. 3 3=all

mass flow rate prnhe and a sonic orifice orobe.

For low sampling rate. assume that *he sampling wrifire is small compared »- --e
probe diameter ((3/D) -- 1) and consider the limit ~f ex*rerelv low <ampline rave -
this case, the “low field around the srtandard i~pac*-‘vpe samnie oprohe is werv near.w
that observed for an equivalent tora. oressure pito! nrohe where there {3 no =arp.e fl w
Thus, the pressure driving the sample flow is Pg from Fquatinn | Let P/Pg-Py ~e
the pressure drop across the sampiing orifice at the orohe <in. Then rhe sample ~asz
fiow is given bv the following:
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m =C Ap '710 P = C Ao'“n(p'Pn)? AR {1 - K(sin“=)'"). ‘5
A is the flow area in the probe where the pressure Pp o0ccurs £ iz *he discharve
coefficient which is assumed constant. The sample mass flow for the species . is
given bv (Y1 is the mass fraction of <)

S Ly - f . pp 3 4 2 02,7 | keaimlaymy ”

mo=Ym = c Ap er ,ND(P Pp) + “ U=(1 K(sin®+)") . )

For low flow rates, including the condition of isoxkinetic sampling,
'Zap(P-P ). < 0( :2 Uz(l - K(sin2 8)™) which means that éj will respond to chanres in

Y,, P, ¢ and U and that when the instantaneous probe response is averaged over time
a complex relationship between the mean and fluctuating components of mass fraction,
density, pressure and velocity is obtained.

T ’ —5
mo=C Ap <Y’f 2“p(P-Pp) +og

vl - K(sin?)™) > (7

As before, the flow anproaching the nrobe tin is assumed to he quasi-laminar and
aquasi-steady, inviscid ancd constant densitv. Furthermeore, the orifice flow inta the
probe is assumed to be quasi-steadvy. These assumptions implv that fluctuations in *the
sample system are small. If, further, they may be neplected then P is constant.
Otherwise, m will depend on the dynamical re-ponse characteristigs of the sample svstenm
as well as the turbulent fluctuations in the flow field. In either case, a reasonable
interpretation of such a gas sample appears virtuallv impossible, and therefore, one
should avoid sampling at low velocities. This commert apolies equallvy to the condition
of isokinetic sampling; it may appear attractive intuitivelv, but this simplified
analysis clearly shows that it is a bad idea. 1In this develaoment, the length scale of
the turbtulent eddies (2) is assumed to be larger than the nrobe scale (see above), while
the analogy with particulate sampling procedures drawn to support the use of isokinetic
sampling conditions requires that the eddies be small compared to d. Therefore, the
conflicting conclusion drawn here is not surprising. The condition that d -~ ¢ required
for isokinetic sampling will be very difficult to realize in practice and conflicts with
the recommendations of the previous section.

The basic problem with low speed sampling is that the instantaneous mass flow depends
on the local density, static pressure and dynamic pressure. As these quantities varv,
the sample mass flow rate varies, and the mean mass flow rate will be contaminated with
correlations between fluctuations in all of these quantities. It does not seem feasible
to take advantage of the presence of correlation terms in the probe response to measure
them since the present analysis is rather artificial and a more realistic one will lead
to much more complex results. Thus, it is concluded that low velocitv sampling probes
should not be employed for sampling when large densitv, pressure and velocitv fluctuations
are present. In combustion systems, the main difficulties arise in the reaction zone
where density fluctuations can be extremely large.

Support for the above conclusions can be found in the experimental results of Kennedv
and Kent (33] who report significant differences between values of fuel atom
fraction obtained in a turbulent Ho-air diffusion flame with an isokinetic sampling probe
and similar data obtained with a lzght scattering technique, Figure 3. The mixture
fraction, ¢, 1s the mass fraction of fuel atoms present in a sample repardless of the
molecules in which the atoms are found. Figure 3a shows centerline variations; for.
smaller x/D there are no significant differences between normal (£) and Favre )
averaged values of ¢ obtained by .{ight scattering which implies that density fluctuations
are not large enough to influence the averages. Discrepencies between probe and scattering
data occur only at larger x/D ,where density fluctuations are more significant as noted
by differences between ¢ and ¢. The half-radii data, Figure 3b, show much larger
discrepencies, and density fluctuations are much significant. Clark, et al. [34] report
measurements of CO, NO, and unburned hydrocarbons in a continuous combustor using dif-
ferent probe configurations. There is considerable scatter in their data which possibly
obscures small changes due to probe variations. Marked changes in measured concentrations
are observed with a change in probe tip geometry, indicative of possible aerodynamic
effects stemming from turbulence.
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‘a2glecting small variations in C, R and k due’(o reacti. » md to tfmgerature fluctua-
tions, one finds that # is proportional ro .1/2 and f,ote Y - /

(9)
ho= Ky 127 (1)

Thus, the response of the sonic probe is greatlv simplified compared with the first
probe, while the assumptions leading to these expressions are more reasonable.

The analysis of time averaged samples from such a probe may be used to obtain the

ratio m,/m. Expanding ;1/2 in a Tavlors series about * and averazing m and =
one obtains: '
2
‘o 2 AN .2
- e 1 <>y < 1 <> 1<
mJ/m = Yl(l + 5 e -z -~;§;L<-g 4—E;;7‘A+.A.)/(l— g7 T4 ) 1)
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If density fluctuations are not too large, e.g. outside the reaction zone, this tvpe of
probe may be used to obtain an accurate measure of sample composition. However, in the
reaction zone, large fluctuations in density are expected, and for major reactant and
product species <y ¢ will be large. Note that the half power dependency of mass
flow rate on density means that there is no simple interpretation of results in terms of
Favre averaged quantities either.

Thus, one concludes that accurate sampling measurements for mean mass fractions in
regions of large density fluctuations will require corrections for the influence nf these
fluctuations on measurement quantities. Furthermore, it is obvious that the corrections
for a sonic orifice probe are much less complicated than for other probes, and therefore
this sample flow condition is preferred. Corrections will require estimates of densitvy
fluctuations and correlations between densitvy and species mass fraction fluctuations.

It may be satisfactory to infer density fluctuation characteristics from instantaneous
temperature measurements by compensated thermocouples or some other technique, while a
relatively crude combustion model might be satisfactory for estimating the vhioo!

term. For instance, under the assumptions of fast chemistry, equal diffusivities and
unit Lewis number, the temperature (or density) and species concentrations are related
unambiguously for premixed combustion, and N for major species may be estimated
from instantaneous temperature (density) data. ~Advanced diagnostic techniques can
provide necessary data to support the development of sonic flow probe techniques in
general and correction methods in particular.

As noted previously, a one dimensional compressible flow analysis for the probe
and sampling lines [2] indicates that in many situations for small orifice area there
may not be enough pressure drop available between the combustor volume and the sample
pump to choke the sample orifice and drive the required mass flow against wall friction
through the sample system. This inability is the inevitable consequence of wall fric-
tion effects and a more refined analysis is not expected to aiter the conclusion. Thus,
for sonic orifice sampling, there is a minimum allowed orifice area which depends on
combustor pressure and sample system configuration. Care should be exercised to insure
that the sonic condition is obtained.

The consequences of an unchoked sample flow are not entirely clear. The pressure

drop across the probe and sample line is large, and it is doubtful that fluctuations

in static and dynamic pressure in the combustor will significantly alter the overall
pressure drop across the sampling system. Furthermore, 1f the flow in the sample system
is assumed to be quasi-steady and one-dimensional, expressions for the instantaneous
flow accounting for friction and heat transfer may be obtained. Mass flow rate will be
dependent on P, o and AP but not on the dynamic head (since M £ 0.2). As for choked
flow, turbulent fluctuations will be important especially if the density fluctuations
are large. The utility of this approach seems doubtful because the quasi-steady sample




flow assumption is poor since the time scales for sample flow are larpe Alsn. the dmami-

cal response of flow in the probe and sample line needs to de aralvzed t~ determine if
instabilities are present under such cnonditions. Research mav mare {* nossihle *n design
a sampling probe and system which amelinrates these unsceadv fl-w effecrs However, ar
this time, the possibility of such a desipgn seems remore. and *he sonic sample flow
condition should be be emploved {f at all nossihle

In the previous discussion {t is assumed {mplicitlv ttas rhe sample pDrobe exteriar
configuration is similar to standard impac*® probe desipns and rhat *»e pnrobe {s aligned
ta at least face into the flaw. In a recirculating flow such alignment mav he difficaule
to ackieve. Even so, in high velocitv streams, some alipgnment anpears to he essenrial
for obtaining an interpretable sample. 0On the other hand, {f the flow velocitv is low
enough such that the sink flow of sample into the probe i{s nnt sipgnificantlv influenced
by the combustor flow, no alignment seems necessarv

The errors intraduced in nrohe samnles b turbulent flucruations in density,
pressure and velocity have been demonstrated by two examples Under special circumstances.
sonic orifice sampling, these errors may be estimated and corrections made if auxiliarv
measurements are made. When density fluctuations are significant these errors are large
and if corrections are not possible, the results are of limited. quantitative value

SUMMARY

The performance of pressure and sampling probes in turbulent reacting flows has been
discussed with regard to the influence of turbulent fluctuations on the quantities measured
and with respect to possible perturbations of the flow field by the oprobe. Analyses of
probe response to turbulent fluctuations under various assumptions indicate that turbulent
fluctuations can have a significant effect on results and that the larpge densitv fluctua-
tions present in reaction zones introduce correspondingly large errors in the results if
corrections are not made.

The analyses of multi-hole pressure probes are general and corrections seem feasible
if auxiliary measurements are performed. Furthermore, if mulriple probes or probe orien-
tations are employed, these interferences provide an opportunity to measure significant
turbulence parameters such as <n'u"> . For sampling probes, the analyses are much less
general, while the effects of fluctuations are both significant and complex. In the case
of unchoked sampling probes, correction for turbulence effects appears infeasible. If
the probe flow can be choked at {ts inlet, corrections are necessary only when density
fluctuations are large, ard under certain conditions corrections appear feasible.

Recent studies indicate that choking the sample flow is not possible if the sampling
orifice is too small. For conditions where choking is not possible, there is little
hope that corrections can be made, and considerable error in probe data must be accepted.

The possibilities for probe induced flow perturbation are discussed in the paper,
and the case of swirling flow is reviewed in some depth. As a general rule, probes
should be as small as possible; thus uncooled or partially cooled probes as that of
Macfarlane [6] are preferred. To guard against undetected probe perturbations, the
combustor should be monitored during probe insertion and no measurement should be con-
sidered valid if changes are observed. Asided from these general rules, there is little
nther advice that can be given. These perturbations are a significant problem and thev
deserve more attention.
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Figure 3. Comparison of mixture mass fraction (¢) data obtained

from a Hp-air diffusion flame with a conventional probe ({J) and
by light scattering (0,4) from Reference 33: a) centerline varia-
tion of mean mixture fraction by vrobe (I and conventional (0)
and Favre (A) mean values from light scattering and b) axial
development of mean mixture fraction half-radii (R./a) from probe
measurements ({J) and from conventional (0) and Favre () mean
data (a is the jet nozzle radius).
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DISCUSSION

W.G.Alwang, US
What are the magnitudes of the expected errors in Pt and m for typical situations”

Author’s Reply
In the Becker and Brown paper error data for impact probes in incompressible shear flow are presented. and Bennett
gives error estimates for a five-hole probe in a compressor discharge flow (the estimates are reported in my paper).
For reacting flows [ have no estimates for specific combustion situations. | expect that considerable error occurs
when probing reaction zones where density fluctuates by hundreds of percent and density and velocity fluctuations
may be correlated. The sampling probe data of Kent and Bilger and the particle scattering results of Kennedy and
Kent are compared in the paper to provide some indication of the errors incurred with isokinetic sampling. The
comparison indicates that significant errors can occur in regions of large density fluctuations.
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APPLICATION OF MODEL LAWS WHEN DETERMINING THE HEAT TRANSFFR
CORFFICIENTS BY EXPERIMENTS ON COCOLED TURBINF BLADFS

0. A. van Schwerdtner and H.-G., Hesenfeld

Kraftwerk Union, Miilheim/Ruhr, F.R.Germany

Summary
Fulfilling model laws for geometry, aerodynamics and heat transfer by -educing temperature and pressure
of the operational and cooling fluids as opposed to the conditions in the turhine. With these requiremer:s:

Conception of a cascade wind tunnel with closed circuit; enables the independent variatinan of infjuence
values e.g. Mach No., Reynnlds No., degree of turbulence, temperature ratio ~perating fluid caoniing fluid.
Two measuring methods : 1. Determining the local heat transfer coefficients by ralarimetric ~eans wher
cooling the blade surface with water in sections; 2. Distribution of the coonling efficiency an the pr.fi.e
contour with the original conling process. Examples of results,

LIST OF_SY."{BOLS

c velocity w characteristic quantity »f temperature Yieid
Cp specific heat at constant pressure 1.>er “‘\').

ck crirical pressure coefficient per (20) " lsentropic exponent

4 blade wall thickness X thermal conductivirty

Had cooling degree per (z1) v kfnematic viscosity

Kd factor per (17) Subscripts

i length a external

) mass flow rate ad adiabatic

Ma  Mach number D pressure side

Nu  Nusselt number F water

p pressure G air or flue gas

p* critical pressure i internal

Pr Prandtl number k outline

q heat flow K cooling air

R gas constant M experiment

Re  Reynolds number P profile

s distance S suction side

s vector of distance T turbine

T temperature w wall

Tu  degree of turbulence x coordinate of distance

w vector of local velocity | inlet

a heat transfer coefficient 2 outlet

n dynamic viscogity o free stream condition

1. INTRODUCTION

The increase in turbine inlet temperatures of gas turbines results in higher stresses at all machine com-
ponents coming into contact with the hot gas flow. On the one hand it requires the utilization of tempera-
ture resistant materials and on the other the cooling of extremely stressed areas. This primarily applies
to the blades of the first turbine stages. An efficient cooling system must first restrict the blade tem-
peratures to an allowable level and second keep temperature differences small; third as the relevant
cooling air results in a certain loss of output, it has to be minimized. Even in case of simple cooling
systems as it is the case with stationary gas turbines, contrary to those for aircraft propulsion, any
optimum design can't be achieved based on theoretical findings only. At Rraftwerk Union the required
experimental investigations are primarily performed at operating conditions on gas turbines. Above all
there is a gas turbine test field at Berlin, the water friction brake of which can brake ratings up to

120 MW, Thus, rating and speed may be varied separately (1,2]. Such experiments require much time and
financial expenditure, it therefore should be investigated if and to what a degree they may be supplemented
or replaced by laboratory investigations.

2. COMCEPT OF LABORATORY INVESTIGATIONS
Laboratory investigations must be favourable with respect to time and costs without simplifying the problem




tos much. The disadvantage being unavoidable in most cases, i.e. the fact that some factors are partia,.«
or completely negiected, is generally connected with the definite advantage of having che passiSiiicy ¢
study the effects of especially iateresting and important factars ta an better extend than in the :urhine
test field. Regarding the test set up, the investigations at original compinents applving pressures and
temperatures as i.a the turbine, resultr in only slight advantages compared -o turbine test ‘ield measure-
ments. Accordingly, we planned the test according fo the following cancept:

1) ianvestigation of the cooling system at one blade cross-sec-:tion, i.e., invesfigations in a cascade,
b) measurements at pressures and temperatur's being reduce. -~ompared to the turbine.

To aj: The cascade represents a gimplification compared to the rurhine, Thus, e.g. it isn't fan-shaped,
the rotational influences and the three dimensional effects are lacking. The investigations are reduced ta
one blade section, causing in case of severe radial profile modifications that probably sever.i sections
must be investigated to assess the blade cooling phenomena to a sufficient extend. Cooling systems inclu-
ding, as in rthe case of the rotor blades, radial flow paths may be investigated, too, - they require,
however, enlarged expenditures. I.e., the question if 3 problem may be researched and moreover, to what an
extend, must be decided from case to case, regarding the limiting doundary conditions of such a test faci-
lity.

To b): The lowering of pressure ind temperature is possible, if the relevant laws of similitude are adhered
to. The following section deals with this question.

3. CONSIDERATIONS OF SIMILITUDE

The considerations apply to the similitude of geometricai arrangement, flow and heat transfer.

3.1 Similitude with respect to geometrical arrangement

In case of a cascade, geometrical similitude refers to the selected profile section of the original blade.
The formation of the wall boundary layer depends on the roughness of the blade surface while the known
model laws of wall roughness, e.g. [3], must be fulfilled. Applying a model scale of about 1:1, the surface
finish ran be adequately adapted. In general, we perform model tests with hydraulically smooth surfaces
corresponding to gas turbine blades which are free of dirt and flaws due to high temperature corrasion.

3.2 Similitude with respect to flow and heat transfer

It is important that the effects of surface and gas radiation may be neglected in the following. As esti-
mates show, the surface radiation will participate in heat transfer to only a small percentage in case of
the temperatures existing with stationary gas turbines; in the test bed this percentage value will again
be less than one tenth. The emitting gases carbon dioxid and water vapour contained in air contribute to
heat transfer to an even far less extend than surface radiation.

In the cooling systems discussed in the following, heat transfer takes primarily place by forced convection.
Provided the Navier-Stoke's equation, the energy equation, the equation of state for gases and the con-
tinuity equation are non-dimensionalised, the following relations result for velocity and temperature field
as well as for heat transfer (3, 4, 5}

B .
E: = fC (s, Re, Pr, Ma, Tu, Tm/TH) (la)
T - T@ -
’:)w = T—,:TT‘J b fT (s, Re, Pr, Ma, Tu, TQ/TW) (1b)
nd |
Nu = ENu (s, Re, Pr, Ma, Tu, Tm/Tw) (i)

Where s is a vector of distance, the coordinates of which are non-dimensionalised by reference to a cha-
racteristic length. The definitions for Reynolds number Re, Prandtl number Pr, Mach number Ma and the de-
gree of turbulence Tu are:

Pr-cp% (3)
Ma=c/ (x-R-DO3 )
and Tu -( :zi )0'5/ e, (5)

Equation (5) applies to the socalled isotropic turbulence, the mean fluctuation velocities in the 3 coordi~
nate directions are equal, while the mean longitudinal fluctuation c;z may be considered the only determining
factor for the degree of turbulence.

The dependencies of (1), however, are only partially explicit, i.e. there are e.g. several formulars for
the influence of &, Re, Pr and T_/T, on Nu, being mostly, however, restricted to a certain area of validity.
The knowledge of the relevant mathematical dependency may be regarded unnecessary, however, if each para-
meter is going to be set up in the test bed as in the turbine. In case of % this requirement is tulfilled




per se-tisn 3.1, and there are no principai difficuiries regarding Ma, Re and T_ T... The Prand?. number .-
its function of exclusive fluid properties exhibits slight deviarions in the -est ged and the “urhine
which ~ar be considered by zalcuiations. The degree of flow turbu,ence has a telling influence n the
transition point from jaminar to turbulent boundary jayer or the position and extension of such a trans,-
tinn zone. [t is unknown in the tyrbine fiow; esrimates amount <o Tu = 20 T at the ~ombusrisn -~hamber -y -
jet with a decrease down co below 10 I at the turbine iniet [A]. It must be variabie in the test

i.3 Temperature dependency of fluid properties

The ~quation (!, applies to constant values of -, ¢ _ and » within the temperature regions s de considered.
[f the temperature leve] is essentially lowered in ?he test bed compared :o reality, the similitude of the
temperature influence on the properties has to be checked.

This may he estabiished as follows:

—/'K) = exp (v _ - AT - ZK) tha)
~ie =exp (v _ ¢ 3T -« %) (hb)
LI «,p K

./.Kl =exp (y - aT - Y (he)

The subscript K1 applies to the cooling air inlet condition having the lowest temperature within the rele-
vant system; the reference units for the temperature are:

SToe T, - Ty, (7
T-T
K!
and 3= — (8)
RTT O,
where 03Il (9)

The products y_ + AT, v¢ AT and y. « AT are the model numbers to be .oted. The smaller they are, the
n P A . . . .

smaller the temperature ' dependency of the properties will be; if they become zero, there is na tempera-

ture influence left.

Equal model numbers correspond to a similar temperature variation of the properties in the relevant tempe-
rature ranges., The temperature ranges within the stationary gas turbine and in the test bed are about:

T_ (K] LIETTS! T (&)
turbine 1200 600 600 ST < 1200
model b 600 300 300 ST < 600
e

Provided equation (6) is solved for this area applying the values per (7), the result will be:

mode]l number Yy AT Ye = AT Y, AT
turbine 0. 405 0.1 0.557
model 0.458 0.052 0.438

Accordingly, the model numbers of turbine and mcdel are small and quite similar to one another, thus the
requirement of similitude in the temperature variations of the properties may be regarded as adequately
fulfilled.

3.4 Similicude of cooling systems

The a.m, considerations can be directly applied to in the case of test facilities set up to determine
separately the external heat transfer coefficient (refer to para. b). Moreover, in case of investigations
regarding the entire cooling system, the external heat transfer, the heat conduction via the blade wall

and the internal heat transfer must relate to one another as in the turbine. The equations for the external
heat flow, through the wall, and internally say:

A
a
9, (T, Ty =g Ru, (T, - T ) (108)

.
~ ) WK™ -
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5-4
A
- (T, - T,) (10b )
T Y, 7w
'
=g (Ty = T) =7 Ny ”ui’Tx) (10c)
r summarized q(-——l———* ! ’-d——)‘T =T (i)
° A Nu A. Nu, ) - K
a a 1 1 W
Dividiag (11} by (i0a) amounts to:
A Nu A -
a d a - K
1. + > = Nu_ = ——— (RF2)
Ai Nu 1 Xu 8 Tw Twa
x. Nu. X, T -T
i 1 d 1 = K
and by (10c): P4 e——" % = =~ Nu, = —~ (13)
A Nu (S Twi Ty

In order to fulfill the a.m. requirements with respect to the ratios of heat conductions and transfers, the
relevant left sides of (12) and (13) must coincide in turbire and experiment. The separate consideration of
the individual units or quotients is intended to show to what an extend this will apply. If the required
agreement applies, (13) may be neglected, as there are no other units on the left than with (12). Thus, the
model condition may be formulated:

A (Nua)H d

G =20 &L B ()
Ai M (Nui)M 1'M Aw M a’M
(14)

Xa (Nu )

A
a
A T ZNu T 1 T (T;)T (Nu)y

The similitude of Nu,6 will be well fulfilled according to the considerations per para. 3.2. If this con-

sideration is also applied to Nu., the result will be satisfactory, as well. - The agreement of ratio d/1
results from the provision of geometrical similitude. - The ratio of the thermal conductivities of air
i.e. Xa and A, e 4Te established due to the fact that the temperatures are given by the setting of Nu

I

and Nu.. Now tﬁe deviation from linear temperature variation won't be high, and the thermal canductivily
variatlon of the original blade material will be similar. Thus, the requirement of similitude far »a/‘ and
X /A, has been fulfilled quite well; it may, however, be improved by an adequate selection of a model 'blade
material.

Those considerations have shown that the relevant similitude characteristics of complete cooling systems

may be gained quite well within a model test. Thus, satisfactory statements on he distribution of tempe-
ratures at all points, vertical and parallel to the blade surface are to be expected. If radial flow con-
ditions appear additionally, the achievable model similitude must be considered from case to case.

4. CONCLUSIONS REGARDING TEST BED OPERATION

Prerequisite of the test bed setting values will be the selection of the air inlet temperature (TGI)M'
Ic'1l be set at 600 K with regard to the temperature compatibility of the test bed. According to
conditions of similitude

T T

Gl Gl
(FIy = &) 0%
TaM TT

the inlet temperature of the cooling air will be achieved at 300 K. Corpressed air of this temperature is
at hand due to laboratory facilities. The inlet air pressure results from the condition of Mach number and
Reynolds number equivalent to reality. With respect to this pressure the equations (2) and (4) result in:

0.5

(PG‘)H = Ky (pgy)p [ (TGI)M / (Ter ] (16)
(n.) Re
. GI'T 4.0.5
with the factor K, = = (=) 7)
A" Ty Ry q

The inlet pressure may be calculated to 4 bar by (16) and (17). The condition of equal Mach number leads to
the pressure ratio at the cescade and this, assuming identical profiles, results in the actual pressure
Jistribution and thus temperature distribution in the air flow. By means of (15) as well as the relevant
Reynolds number, Mach number and Prandtl number for the cooling air, the blade wall will be confronted with
the actual temperature distribution.
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The hasic priaciple of this zest pragram pars has heen ta -os; tre Slade sestico Bv section wirh the Qoo
1ividual -nnling sezments insu.ated towards sne another. Fig. 3 illustrates 3 madel niade »f sy a xind.
The 1adividual conling segments are perpendicular ro the air {low directisn and are made .ut »f capper.
e canling medium will be water flowing perpendicular tr the alr flaw. The temperature ~f the ¢ oiing

water and thus of rthe ejement's syrfare doesn’t increase exactiy .inear.iw 1lsiz -he -noling water path, bur
in an exponential wav. Talculatinnsg, rowever, and measurements af some cna.ing e.ements dn prove that in
the range of usual measuring accuracw the surface temperature astablished in the »hlale renter may he con-
sidered the mediim temperature »f the whale element surface, The insulating materiai hetween the canling
elements exhibi.s only ! % of the coapper thermal rsonductivity.

Thus, the heat exchange between the elements wi.l bhe extraordinary smail; it nevertheless wiil he .on-
sidered in a corrective calculatian. The cooling water mass flow has an influence on the surface tempera-—
ture;it'11 he adjusted in order te adapt this temperature to a required distributinn., The tesrs showed,
aowever, that even a definitely deviating temperature distriburion will be withaut any significant in-
fluence nn the heat transfer, thus the dependency Nu_ = f (T _/T ) per (lc) will be neglectahly small within
the range ta he investigated. The amount of heat for“each element which will he transmitted from the air

to the cocling element and then remcved by the water, can now be set up:

R Fa (TG - Tw) = f ch (TF2 - TFI> (18)

The cooling water mass flow %, and all temperatures will be measured or calculated from measured values, so
that the external heat transfércoefficient @, and per

N = ——F (19)

Nu_ as well may be determined. Experiments with this councept have been performed for the stator and rotor
blade profile, as fig. 4 and 5 show. There, at the top the critical pressure coefficient
P " P

Cg = ——— (2G)

p

and at the bottom Nu_ have been plotted versus the dimensionless blade outline length., When assessing the
ulagrams it has to be noted that trip edges in the area of the profile leading edge reduce the lengths of
laminar boundary layers. Fig. 4 shows the results of a Reynolds number and degree of turbulence variation
for the same stator blade profile as in fig. 3. The distribution of the critical pressurecoefficientswill
be uninfluenced by Re and Tu; values smaller than zero are equivalent to supersonic velocities.

The variation of the Nusselt number downstream of the profile leading edge shall first be treated for the
lowest influx Reynolds number (curve }): The stagnation point at the leading edge is shown by a maximum
which has been slightly offset towards the suction side. The drop to the right and left is indicating la-
minar boundary layers at the suction and pressure side with the boundary layer staying in a laminar condi-
tion (about horizontally. The significant upward tendency of the curves at the suction side with s/1, .2 0.5
illustrates the conversion to turbulent boundary layers. - The laminar lengths will consequently be Peduced
with higher inlet Reynolds numbers (curve 2 and 3); at the suction side of curve 3 the boundary layer will
be turbulent practically from the stagnation point onwards. The two drops in the further course of the curve
at the suction side can on the one hand be caused by a relaminarisation process [10] and on the other by a
socalled separation bubble of the boundary layer. The latter is also indicated by the ¢* - distribution
dropping to a horizontal section at this point of the curve. - Smaller degrees of turbu¥ence (dotted curves)
result in smaller Nusselt numbers nearly everywhere.

Fig. 5 shows the critical pressure coefficient and Nusselt number for 2 Reynolds numbers and constant degree
of turbulence in case of a rotor blsde profile, The high Nusselt number in the area of the blade leading edge
is remarkable, dropping severely to the pressure and suction side. On the pressure side it is followed by a
continuous increase and on the suction side this is reversed into a decreasing Nusselt number after sbout
half-way the contour length.

RO
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tire nigh therma] resistance, the hlade surfacs would adopt the adiabatic gas temperature 7. . Withs
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ir ran ne adapted ta the turbine and constitutes am analysis of rhe conling sy<tem -haracteristi #: The
iawer the blade temperarure T, and the higher T, and T, ., the smailer wii, he H__ and tne nerter 'ne
fina. -anling efficiency. Thus, Had = 100 I means &ncooled and Had = 0 I ronled ta -oaling 3T inler rempe-
ratyre Hiades. i

Fiz. 7 shows the degree af conling for two degrees of turbuience spread over the rejative jengts and with
respect to an early state of development of the cooling insert (type A), aliowing an umeven distraidbuti o
onf the cooling air at pressure and suction side as well as high temperature differenres within the hlade
material. The cooling air mass flow increases starting from zero in two steps whereas the degree 5{ can-
ling decreases accordingly. With missing cooling air, H__ won't be continuousiy 100 2 Hut due ro rhe tem—
perature equalization within the blade and the thermal losses to the blade internal it will he somewhat
smaller. The influence of the degree of turbulence becomes clearer than in case of the determination of Nu
(fig. 4), i.e., especially on the pressure side where the laminar boundary laver is approaching the 5iade
center in case of small Tu,

Fig. 8 cites examples of further developed stages: the suction side gap between blade and ronling insert

has been sealed near the leading edge. The type B doesn't include holes in the front edge nf the insert

but only showers by various hole arrangements at the pressure and suction side, The positions of seaiing and
showers have been identified in the fig. Type C, D and E illustrate the conling inserts with stepwisely
enlarged holes in the front edge. The variation of the conling degree leads ro the conclusion that the hiade
gets cooled increasingly more uniform.

8. COMPARISON OF MEASURED AND THEORETICAL REAT TRANSFER COEFFICIENTS

Ir case of a simple flow of cooling air in the gap between blade and cooling insert and known cooling mass
fl ws, the calculation of the internal heat transfer coefficient will be quite safe. From this, the
measured wall temperature distribution and the known thermal conductivizy in the blade, the externd, neat
transfer coefficient 1, will be calculated. Fig. 9 shows its variation across the contour length for two
degrees of turbulence. In case of small Tu there is a definite laminar boundary layer at the pressure side
similar to fig. 7. Assuming a fully turbulent and laminar boundary lav-er, the relations of heat transfer
at a flat plate may be applied to the blade profile velocity distribution. The heat transfer coefficients
gained in such a way, have been included in fig. 9, too. It is to be recognized that at nearly all points
tne turbine flow exhibits a higher heat transfer, even in case of a very small degree of turbulence,

Tu =,1 7, than the laminar flow according to the mentioned theoretical set up and that the theoretical
values of a fully turbulent flow can't be achieved in case of the not too high degree of turbuleace

Tu = 3 Z.

9. COMPARISON OF TEMPERATURES MEASURED IN TEST AND AT TURBINE

Finally there'll be a comparison between a temperature distribution calculated from experiments and applied
to the turbine and those blade temperatures measured in the turbine. For this purpose, 2 blades equipped
with thermocouples were installed in a unit. As expected those tests applying Tu = 3 2 represent the
actual temperaturedistribution tva better extend than those with Tu = .1 Z which have been analyzed also for
reasons of comparison. The temperature level is comparably low though the share of cooling air at the mass
flow as a whole amounts to about 1| 7 only; these are reserves for further increases in the turbine inlet
tenperature. The positive forecast of the blade temperature based on the experimental results has been a
confirmation of our philosophy and gives sense to future investigations - within the mentioned limits.
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Figure i. Biade cooling test bed.
I - Test section, 2 - Diffuser, 3 - Settling chamber, 4 - Blower, 5 - (o.ior.

N = 500 kW, pmaxxibar, Tmax=630K

Figure 2. Stator blade measuring range, opened.
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Section A-B

Figure 3. Model blade to determine the external heat transfer coefficient.
| ~ Cooled section (Cu), 2 - Insulation material, 3 -~ Pressure

measuring point, 4 - Temperature measuring point, 5 - Cooling water
supply, 6 - Cooling duct
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Figure 4, Distribution of critical pressure coefficient c* and Russelt number Nu,
around a guide blade,
Ma, = 0.246
---Tu, = 0.1 % —-—Tu‘ =332
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Figure 5. Distribution of critical pressure coefficient c* and Nusselt number Nu
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around a rotor blade.
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Section A-A

Figure 6. Model blade cooled as in reality.
1 ~ Thermocouple, 2 - Presgure measuring bore, 3 -~ Pressure measurement,
4 - Temperature meseurement, 5 ~ Cooling air inlet, 6 - Packing,

7 ~ Cooling air outlet, 8 - Sheet metal insert, 9 - Measuring point
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Figure 7. Cacling degree H.;d at different degrees of turbulence Tu and cooling
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DISCUSSION

D.K.Hennecke, (¢
In your Figure 4 the leading edge Nusselt numbers are relatively low compared to the rest of the blade surtace IS
this 4 peculianity of your particular blade or is your measuning technique not fine cnough to resolve the leading
edge region” Have you compared the measured Nusselt numbers at the leading edge to theoretical ones for an
equivalent cylinder in cross-flow?

Author’s Reply
We think the low measuremement of Nusselt number at the leading edge anses hecause the stagnation region covers
only a small portion of the leading edge element. The integral value of heat transfer over the clement is therefore
low compared to the peaked stagnation level. (In the case of the rotor blade with its greater infet radius we found a
higher Nusselt number at the leading edge. Figure 5.) Were it necessary to obtain the Nusselt number distribution in
more detail one would have to use smaller cooled elements.

The comparison between our measured values and the theoretical ones for a cylinder is of doubtful validity because
of the different velocity distributions for the two cases.

G.Kappler, Ge
You presented results of heat transfer measurements at low and high levels of turbulence. the highest degree of
turbulence being 3%. The degree of turbulence in an engine is however above 107. Latest tests at MTU at
Tu = 1 1% have shown a dramatic change of heat transfer conditions, especially on the suction side of the blade,
when compared to our results at Tu = 4%. Do you have test experience at degrees of turbulence above 3%, or do
your model predictions encompass true engine conditions, that is, highly turbulent flow?

Author’s Reply
In our gas turbines with a relatively long distance between combustion chamber and turbine inlet, we think the
degree of turbulence isn’t as high as you measured in your turbine. Nevertheless, it is foreseen to raise the
turbulence level in our tests in order to see the further dependence of the heat transfer coefficient on the degree of
turbulence.

E.Covert, US
(1) Is the turbulence isotropic or anisotropic?

(2) Have you considered the problem of modelling anisotropic turbulence of the kind encountered in real flows?

Author’s Reply
(1) The given values of the degree of turbulence refer to the isotropic turbulence.

(2) Yes, we considered this problem. However, up to now we have hardly any information about structure and
degree of turbulence at the turbine inlet in our turbines. Therefore we decided to start our tests with this
simple kind of turbulence. At the same time, we are trying to get further information about the turbulence by
means of measurements in our turbines.
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HEAT TRANSFER MEASUREMENTS RELATED TO HOT TURBINE COMPONENTS
IN THE VON KARMAN INSTITUTE HOT CASCADE TUNNEL

B.E. Richards'
Professor, von Karman [nstitute for Fluid Cynamics
Chauyssée de Waterloo, 72
B-1640 Rhode Saint Genése, Belgium

SUMMARY

The paper describes the new hot cascade tunnel developed to extend turbine resear-h
at VKI to heat transfer studies. [t is based on a free piston compressor of 1 m in diameter
and 5 meters in length with a test section of 100 mm<250 mm compatible with an existing
ambient temperature blowdown cascade tunnel at VKI. Some typical results an heat transfer
and film cooling from the first 1200 tests are described.

1. INTRODUCTION

Historically, the one gas turbine engine component which has presented few problems
and anxieties has been the turbine. However, requirements for higher specific power, higher
efficiency, longer blade and disc life and reduced weight dictated turbines with nigher
turbine inlet temperatures, minimization of the losses and improved prediction methods.
The high temperatures made necessary the introduction of optimized cooling concepts which

in turn introduced the need for agood prediction method for the temperature and flow fields.

Furthermore, the high temperatures cause the operational life of the blades and discs to

be shortened drastically and, hence, the need for an accurate stress analysis that could

lead to the prediction of this life, has arisen. A thermal stress analysis, however, re-

quires a good knowledge of the thermal field and the heat transfer rates across the biade
passage walls.

It is with these requirements and expectations of support of future research in mind
that the von Karman Institute embarkedupon the construction of a heated flow facility
which would enable fundamental and configurational measurements of heat transfer on models
of various turbine components to be generated. The measurements then would be used to test
developing prediction methods or to provide data for designers on specific configurations.
It was decided to use the short duration slow piston compression concept as conceived by
Oxford University to generate the heated flow. After gaining experience in this type of
piston facility with a small converted calibration shock tube (designated tunnel CTl), a
large heated flow cascade tunnel, CT2, was designed and built. This facility as described
in this paper is similar in many respects to the Oxford University cascade tunnel des-
cribed fully in reference 1 and indeed the design benefited from discussions with the
authors of this latter publication.

The particular area of heat transfer measurements which was aimed at studying in
building the tunnel was the effect of the three dimensional secondary flows on heat
transfer on blades and end-walls, with and without fiim cooling. In order to build up the
measurement techniques and to test computer codes then simpler two dimensional channel
flows were also examined. The paper contains a review of the work carried out to date.

2. THE YKI CT2 HOT CASCADE TUNNEL AND INSTRUMENTATION
2.1 General

The short duration cascade tunnel uses the isentropic light piston tunnel concept
developed by Jones et al. (Ref. 2). It is based on isentropic compression heating of the
test gas in a tube to moderate temperatures by a }ight weight piston, whose path during the
running time is controlled by "marching” volume flow rates into and out of the tube. This
feature, which had not been previously explored, has been shown to provide during this
time relatively constant conditions with superimposition of only small fluctuations due
to interaction of the finite weight piston and unsteady flow effects. Fast operating
valves can be used instead of diaphragms to initiate a test thus eliminating the time-
consuming operation of opening the tube between tests. The most useful feature of such 2
tunnel other than its simplicity of construction and operation is its producing long
running times (0.1-1 sec) enabling wider scope for testing techniques than in shock tun-
nels. Another useful feature is that by suitably alternating driver, barrel, "matching"
and dump tank pressures any pressure and temperature condition within the available range
of conditions could be achieved in the test section.

A number of factors controlled the design of the VKI tunnel. The main feature was
that the test section would enable a straight cascade of turbine blades to be tested and
that this should have similar dimensions and fitments to an existing ambient temperature
compressible flow cascade tunnel (designated C3) of dimensions 250 mmx100 m such that one
model could be used for both heat transfer and aerodynamic studies. The total pressure
contained by the test section would be 7 bars which with a nominal maximum flow temper-
ature of 600 K and the size of model at room temperatures which could be fitted in the
tunnel, would be sufficient to simulate Mach numbers, Reynolds numbers and wall-to-
recovery temperature ratios typical of projected advanced turbine concepts. The running
time should not be less than 0.1 sec over the range of conditions and model sizes avai-
lable. The tunnel should use the copious compressed air supply available at 7 bar, 40 bar
and 250 bar levels and be contained in an available room of 10 m length. Instrumentation
costs, which for short duration tunnels are high sone disadvantage of such facilities),
would be kept to a minimum by using equipment available to the VKI Longshot heavy piston

* Now Mechan Professor in Department of Aeronautics and Fluid Mechanics, U. of Glasgow.
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facilities. Tne tunnel and its ancillary equipment would Se designed such trat tre minimum
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‘ and easy to use nhy postqraduate students with the minimum of suypport persannel. “na desije
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starting up operation at tne time of cesign of tne Vx| tunnel.
2.2 Tunrel details

The result of sucn desigr constraints produced 3 compression tube 0f 5 meters in lenjitr
witn a macnined and polisned bore of | meter digmeter which was designed to witnstand
pressures of 45 pars (Fig. 1 . This nigh pressure was -elected to leave an option apen to
use the compression heater at a later cCate for kinetic heating studies of aircraft and
missile configurations at high speeds with 3 suitably different test section. Tne tube
was driven directly from the Institute’'s main 250 bar air supply of 22 m* volume 5y means
0° a 3 inch diameter 90 m length pipe fitted with two appropriately placed isolating ball-
valves, a pneumatically controlled starting ball-valve and after a five-branch nanifold
by five 1 inch hall valves one of which is in parallel with a specially constructed "carrot"
regqulating valve. The latter system allnwed adjustment of the throttled area of compressed
air into the compression tube to control the "matching” of the tunnel during the running
time. The ball-valves were fitted with special high temperature resistant seats to cocunter
deterioration due *:> gas heating caused by the rapid opening of upstream valves during the
pre-test and test phases. The pneumatically controlled ball-valve was fitted such that in
the event of a compressed air failure, the valve would stay in a closed position.

The specially constructed gate valve (Fig. 2) which was used to start and stop the
heated flow from the compression tube to the test section was initiated with precise
tuning at a threshold point of the rising pressure in the tube using a pressure transducer
“iming unit and a perspex tube, propping a piston acted on by compressed air, which is
disintegrated by a detonator in the same way as described in reference 2. The gate-valve
itself was slightly wedge shaped to allow good setting when the valve was closed but small
friction during the valve opening. Despite the high accelerations imposed upon the valve
and its mechanisms during the opening time of around 40 milliseconds, it has withstood over
a thousand tests without damage.

The piston is designed to a minimum weight consistent with its structural integrity
to withstand the striking of the downstream wall of the tube at the end of the test and
the rigidity to slide freely down the tube. The piston skirt is constructed of rolled
aluminium sheet with aluminium stiffening annula at both ends which also acts as guides
for impregnated nylon bands used as piston ring seals. To the front annulus is attached an
aluminium honeycomb sheet. The final weight was 27 kg. Because nf tne finite weight of
the piston, low frequency fluctuations in pressure are created due to the oscillatior of
the piston after its rapid acceleration on gate valve opening. So far no compensator
mechanism, as has been described in reference 2, has been fitted to alleviate the effects
of piston oscillation, since it has been found in practice that their presence, although
making data reduction difficult, for the tests carried out so far, have been of such low
oscillation and amplitude that the flow can be considered quasi steady. Furthermore, the
instrumentation has closely followed their variations. The problem becomes more evident
at low pressure operating conditions.

Cascades of blades with a vertical height of 250 mm and a span of 100 mm can be fitted
into the test section (Fig. 3) which itself is capable of withstanding pressures up to 7
bars. The upper and lower walls can be adjusted vertically through screw jacks to allow
simple fitting of cascade models with smaller vertical height. To allow simple model in-
stallation and easy model access, the whole of one side of the test section atts as a door
held on vertical hinges. Instrumentation and the leads from the instrumentation are usually
fixed in or taken out of the opposite fixed wall. On each side of the test section two
large circular ports are positioned encompassing the region of the cascade moadels. For
channel flow studies, a special insert can be placed within these ports and is designed
in such a way that access can be obtained to horizontal test surfaces. The flow downstream
of the test section is dumped in a tank of approximately 5 m?® located below the test
section.

For film cooling tests, four independent coolant injection systems are available which
can deliver gas at constant chosen plenum chamber pressures. Two of the systems can deliver
gas at temperatures approximately 40° above and below ambient temperature. Standard gas
bottles, filled from the 40 bar compressed air supply, are used to provide a constant
pressure supply at typical flow rates over a period of 1 second. Solenoid valves, operated
to open at a pre-set time before a test, are used to initiate the coolant flow. Flow rate
is calculated using appropriate critical flow formulae from the pressure and temperature
measured upstream of a round edged orifice of known effective area which is ensured to be
choked during the test period and placed as close as possible to the coolant plenum chamber.
Coolant flow temperature is changed by passing the gas through regenerative heat exchangers
constructed of 25 mm pipe of 250 mm length filled with discs of fine brass gauze, which
have initially been heated or cooled by passing air through copper spiral coils immersed
in a bath of heated 011 or alcohol and solid carbon dioxide. More details of the system
are given in reference 3.

Because of the dangers of handling large air flow rates at high pressures in limited
volume pressure vessels of different structural integrity,a number of safety systems were
built into the system, the ultimate of which were safety diaphragms on each pressure ves-
sel. Before these would operate (breaking of these diaphragms could cause the loss of the
compiete Institute compressed air supply, thus faterrupting the operation of other wind
tunnels and services) other safety features were incorporated including pressostats which
would closed down the main valve and the gate valve on achieving a preset pressure, and
time delays which would likewise act after a selected period. Operation of the tunnel was
only possible if all the valves were set in their correct positions and & panel light
indicated when the tunnel was in this correct firing mode. The tunnel was operated by
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means of a push button, however, another buttor sited distartly nad to ne pressed ta arm
the detonator, to prevent accidental firings. The tunnel operaticn wou'd immediatel, stag
and pressurized parts of the tunnel bled to atmosphere if the fire sut*cms were released

Furthermore, the tube pressure was visually monitored by a bourdon gauge to keep track cf
progress of the compression cycle.

The tunnel control system was designed 3t the outset to synchrgonise events including
operation of the tunnel, the safety devices mentioned above, coo:int flow injection,
recording instrumentation, etc. On pressing the fire button the ma:n valve opens and timers
are started to operate appropriately a U.Vv. recorder and tne autouati~ shutting down of
the main valve after the test if this safety feature needed bringing into action. Tne
output from a pressure transducer (processed so as to not exceed 1 volt) is conrnected to
the control system and three triggers were operated when the voltage achieves respectively
three threshold valves which can be pre-set by means o0 potentiometers. These triggers
themselves operated the detonator and coolant injection but also delayed triggers operating
oscilloscopes, a data acquisition system, schlieren spark, main valve shutdown and tube
and tunnel wventing, compersator for coolant system and compensator to reduce pistun o0scil-
lation,

é.3 Instrumentation

The tube pressure is measured with a vValidyne type DPI5TL variable reluctance differ-
ential transducer, which gave the stability and accuracy to provide a reliable input into
the control system of the tunnel. These and inexpensive National Semiconductor differen-
tial transducers with built-in integrated circuit amplifiers were used to measure model,
coolart plenum chamber and flow measurement pressures. A resistance linear transduycer of
100 mm travel was used to monitor the opening motion of the gate valve.

Heat transfer rates are measured using standard thin film platinum resistance tnermo-
meters brush painted on pyrex, quartz or Macor mashinable ceramic. These thermometers are
used in conjunction with appropriately designed analogue circuits to give outputs directly
proportional to heat transfer rate.

Main stream flow temperatures are measured using fine tungsten wires {(5-10 .m) as
equilibrium temperature probes. The temperature is assessed from the change in resistivity
of the wire during the test, and this value is corrected for conduction end losses to the
wire supports, and radiation losses (Ref. 4). Response times of less than 1l msec are
achieved and because of this the technigue has a great advantage over others in that any
subtle disturbances away from that expected can easily be detected.

Coolant flow temperatures in the plenum chamber and before the calibrated orifices
were measuredusing 20 um chromel-alumel thermocouples with cold junctions immersed in a
bath of melting ice.

External turbulence could be gererated by a grid of parallel horizontal bars in the
test section (Fig. 3). The bars have a diameter of 3 mm and are 9 mm apart giving a
solidity of 0.33, these values had been chosen using classical correlations availabie in
the literature. With such a grid, different turbulent intensities may be generated b
placing it at different streamwise positions upstream of the test section. The turbu.ence
intensity was measured using a VKI manufactured constant temperature anemometer with 2
frequency response up to 15 kHz and recorded on the VKI fast on-line data acquisition
system. The probe consisted of a 9 um diameter tungsten wire with an active length of 1 mm.
At a Mach number of 0.2 and total temperature of 43u K, which enabled satisfactory overheat
ratios to be obtained, the signals were analyzed vusing 2500 data points over a test period
of 100 msecs (i.e., sampling rate of 25 kHz). Temperature fluctuations, evaluated by
varying the overheat ratio, were found to be of the order of 0.2%. Analysis of the velgcity
fluctuations showed that without the grid, the turbulence level was found to be bhetween
0.9% and 1.2%. Depending in the position of the grid, turbulence levels from 2% to 5.9%
were measured at the normal model leading edge position.

tEarly in the use of the tunnel signals were recorded using 12 channels on oscilloscopes
singly triggered witn the trace recorded on polaroid film, and 12 channels on UV oscil-
lographs with speeds up to 256 cm/sec. Galvanometers with response times up to 5 kHz are
available and sufficient for most purposes. The initiation of the operation of these in-
struments is carried out by the control system as described earlier.

More recently, the recording capability has been enhanced through *he use of the In-
stitute's 16 channel 50 kHz on-line data acquisition system. The system, developed within
the Institute's electronics department is based around a Datel a-to-d converter with a
16 ¢hannel multipiexer. Signals are conditioned to have values between +2.5 V and filtered
to a frequency Jess than a third of the sampling rate. Sample-and-hold devices are used to
synchronize the signals. The output from the converter, a 12 bit paraliel word is serial-
ized to allow transmission through a single cable to a centralized PDP11/34 computer. Here
the signal is de-serialized and the signal passed to the main computer core memory through
a direct memory access module. The system was tuilt to be adaptable to a number of dif-
ferent facilities. For tunnel (T2, software was developed to cope with the particular
data reduction problems required for this system. Generally, the extra sixteen channels
provided by the data acquisition system were used to record the signal from the tube pres-
sure, the linear transducer fixed to the gate valve (used for synchronization) and four-
teen heat transfer measurements, although in some experiments, pressures were monitored
at the expense of heat transfer measurements.

The data analysis procedure allowed initially a quick look at the raw data on a gra-
phical display (particular traces could be recorded on a digital X-Y plotter). If the data
was found to be acceptable then the raw data was transferred to a floppy disc. Before each
run, a8 run data sheet was entered into the disc. This was achieved by firstly displaying
a previous run sheet on a visual display unit, and updating appropriate quantities. Cali-
bratfon information, of which the Heat transfer analogues and amplifiers {s carried out
on the data acquisition system itself, such as voltage across a gauge, transducer cali-
bration, etc., are entered on a calibration sheet. Appropriate data reduction programs
were then developed to analyze the data, and presented it in a printed or plotted form.
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3. REVIEW OF SOME EXPERIMENTS

A variety of experiments have been carried out in tne snort duratior nst -ascade tun-
nel, covering over (200 tests to date, initially of a fundamental nrature on charnel “lows
o build up a picture of the separate parameters affecting tne heat transfe. ta turnire
nlades, and to developing the most suitable method for generating film cooling effectiverness
data ‘n short duration facilities. The work has proceeded on tO measuremert 5f heat trans-
fer rate on nigh flow turning rot>r blades, and on end walls of inlet quide vanes. Tnis
work nas provided tne background experience necessary to tackie tne extersive praoject
work of a configurational,nence proporietary,nature of film cooling of end walls witn strong
secondary flows carried out dut not reported in this paper. Three areas of researcn have
heen selected for further description as follows.

3.1 Flat plate heat transfer

This study was initiated to provide experimental heat transfer data abtained under
well contralled and measured conditions simulating parameters encountered in a real machine
(Reynolds number, wall-to-recovery temperature ratio, turbulence intensity}. The effects
of strong favourable pressure gradient and differert externa turbulence intensities were
studied; consequently, a simyle flat plate model was used (Fig. 5. Results of various
prediction methods could then be compared with the experimental data. The results in full
are given in reference 5.

For M = 0,20 and 0.28, laminar heat transfer measurements in zero pressure gradient
agreed we'l with the reference temperature of Eckert. Transition was found to advance from
Re = 250,300 at 1% turbulence Tevel to 100,000 at 3.6 turbulence in agreement with usual
correlations. At Rey = 5-10", a change in turbulence level from 1> to 6% caused an increase
of 60% in heat transfer which could not be ascribed to transition. After transition it is
found that free stream turbulence has little effect on heat transfer rate and that good
agreement was found with the semi-empirical theory of Spalding and Chi.

To create a pressure gradient, the upper uninstrumented wall was contoured to provide
a strongly accelerated boundary layer typical of the aft part of the pressure surface of
a turbine blade. Heat transfer in laminar flow achieved by operating at low tunnel pres-
sures was found to be increased by turbulence up to 3.6%, without any evidence of transi-
tion,which was assumed to be held off by the pressure gradient (Fig. 6). Agreement with
a numarical solution developed using the Spalding-Patankar scheme gave good ajreement with
the experimental results. At 6% turbulence, transition was however caused, but the trends

indicated that laminarization set in when the pressure gradient parameter K = _*_ du

achieves a value of 2x1n~%, su? dx

For the turbulent boundary layer in a favourable pressure gradient, it was again found
that free stream turbulence had little effect on the heat transfer rate (Fig. 7). Fortui-
tiously, it is found that Spalding & Chi (a zero pressure gradient theory) provides good
agreement with the measurements if applied segmentally. Integral solutions by Gauntner and
Sucec (Ref. 6) and finite difference methods such as the one equation Bradshaw et al.
method (Ref. 7) and a mixing length program based on the Spalding-Patankar (Ref. 8)
numerical procedure failed to give good agreement with the experiments. [t is evident that
more sophisticated modeling,for example the k- model,should be used.

3.2 Heat transfer on the end wall of a cascade

The cascade used in this study (described in more detail in reference 9) was based on
the hub section of a blade designed by NASA (Ref. 10) for a high temperature design. The
cascade geometry was as follows : 60 mm chord; 43.5 mm pitch; -42.5° stagger angle; 100
and 90 mm blade height; and 0° inlet air angle. There were 6 blades giving 5 passages
(Fig. 3). Heat transfer measurements were taken on one end wall with the help of thin
film piatinum resistance sensars. To provide densely spaced measurements, gauges (on the
polished ends of 3.2 mm in diameter quartz rods) were fixed on circular discs of perspex
which were inserted in the end wal. and could be rotated. Pressure measurements were made
on the sidewall upstream and downstream of the cascade. A turbulence grid, similar to that
described in the previous study was available to alter the level of turbulence at the cas-
case inlet. The boundary layer at the inlet of the cascade could be changed by the use of
a boundary layer suction slot located 100mm upstream of the blade leading edge. In both
configurations the state of the boundary layer at the entry to the blades is turbulent.

The flow total pressure and the temperature duyring the test was 1.83 bars, and 390 K.
The static pressure at the inlet of the cascade was 1.76 bars giving a local Mach number
of 0.24. The downstream static pressure was 1.14 bars corresponding to an exit Mach number
equal to 0.85. The corresponding Reynoids number, based on the chord, upstream and down-
stream of the blade row, were 0.40x108 and 1.08x106 respectively. The test time was 850
msecs, shutter opening time 20 msecs and the flow was completely established after 40 msecs.

The results of ofl flow visualization, created by placing oil dots on the surface of
the end wall ilTustrated that flow periodicity was achieved and demonstrated the extent
of the cross flow of the surface streamlines caused by the transverse pressure gradient
between the walls.

More than 120 heat transfer measurements were recorded during each of the test series.
From these measurements, constant heat transfer lines were drawn. An example of the heat
transfer distribution is shown in figure 8. It is found that a low region of heat trans-




fer is found upstream and netweer tne >iades, reflecting *r eqion in wrniain tre et
speed flow is found combined with tre *r--cast relatively sisturded s te wall nourdar,
layer. Low heat transfer rates are aiss encompassed at aro.nd 153 chord direct’y udstream
of the leading edge zorresponding «ith tne separation points of tre upstream doundar,
layer.which is the oriqin of tne leading edge vortex. The nigh heating dowrstream 3¢ *re
leading edge on the suction 3ide can de attriouted %o tne rapid incredse in ¥ag~ num.e-
in this regian.

In the passage the neat transfer rate 1ncreased as exnected due to tne incressirg M3o-
number. At about 1/3 of tne chord,there commence 'arje pitchwise neat transfer rates wr: -r
can be attributed to secondary flows. "ne primary effect ,f the secondary f ow nenaviasur
is for the low energy and low temperature flow adjacent tu the surfice to be swep® 3way
exposing the surface to the higher energy flow resulting in enranced rates near tre pres-
sure surface.

The region of low heating rate adjacent to the downstream suzlt:on sur€ice -oln-ides
with the accumulation and subsequent separation due to tne presence of tne nlade, 3¢ tnig
low enerqy fluid.

The changes in heat transfer rate due to decreasing the size of tne inlet hboundary
layer is to provide an approximately uniform increase of the neat transfer rate witnou!?
altering the shape of the distribution of the iso-heat-transfer lines. The effect of tur-
bulence seems to be minimal, as may nave been expected from tne fliat plate tests, since
the incoming boundary layer was fully turpulent. Only a small reqgion (about 3-4 measur-
ement points) near the pressure side was affected in that the heat transfer was decreased
by 20-30% by the introduction of turbulence.

Attempts to develop orediction methods based on one oOr two dimensional approaches
provided only +50% agreement with the experiments, indications that three dimensional
Navier-Stokes solutions should be sought.

3.3 Film cooling of flat plates

EilT cooling has been used and is increasingly bei?? ap?l{ed for cooling variqys
critical componénts, such as the combusticn chafiber walls, inlet guide vaned and first

row rotor blades to the core turbine. Short duration techniques have the ability to provide
useful heat transfer data inexpensively and under well controiled conditions. Nevertheless,
the type of data obtained has been criticized when it is presented simply in the form cal-
led the isothermal effectiveness

Q¢
hq=l'q—0

(1)

where qf and gn. are the heat transfer rates with and without the film.

This presentation gives no information related to the distortion of the boundary layer by
the film, usually created by injection through inclined holes, which would tend to decrease
the effectiveness Compared to the hypothetical case of a perfectly applied film which

would cause no modification to the boundary layer. From more traditional experimenta)
methods used in the past, designers have used the adiabatic wal' effectiveness

Trm™ Taw

fad ° T T (2)

ad rm rc
where Tpy and Tpe are the main stream and coolant recovery temperature and T,, is the
adiabatic wall temperature of the cooled layer, i.e., the temperature the wall would
achieve if the flow was continued for an infinite time. This information would provide the
adiabatic wall temperature which could provide the heat transfer through the equation

ap = Mg (TyuTy) (3)

where he is the film heat transfer coefficient and T, the wall temperature. In the past
frequensly h¢ has erroneously been equated to the heat transfer coefficient hy; from the
equation

Go = Mo (Tpy~T,) (4)

which gives the heat transfer, qo, without film cooling, whereas in reality, due to the
distortion of the boundary layer, especially close to the film injection, hy, # he. The
criticism of the adiabatic wall approach is that since internal convection of blades is
used, the blade wall temperature more closely resembles isothermal than adiabatic condi-
tions in practice.

By changing wall conditions or coolant conditions in sequential tests, short duration
tunnels can provide in theory data which can resolve this dilemna by presenting the heat
transfer data as a heat transfer coefficient, h, defined as

9 * 0 (TppT) (5)

which has been obtained at different values of wall or coolant temperatures defined by
the non dimensional coolant temperature parameter :

T ..-T

g = IM_TC (6)
Trm-T'
From plots of the h/heve data, the use of the relation developed from equations 2, 3, 5 #r

and 6 suggests a linear variation of h with o :
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wnich experimentaily can praivide assessments of ng 3nd -394 Dy s,3%tale eatrajsiat e of

trne data to - = J and n = J respectively “illustrated in figuro 3
Zareful experiments ‘descrined ir referance 1) were carried 5,t t3 a3ertactr trp
linearity and uninqueness of eguation 6 Dy changing datn *re r5a’art ard wa'' temperat  ron

alsc determining tne degree o0f differance detween r¢e ard ro | ya'ual'e “roa3sesiing teoe
distortion of tne doundary layer by tre film and hence its effert 5r tre re3t tryrifpr r3to

Tne experiments were carried out at a total pressure of 3.5 narc, 2 t5t3] tewiarat , ee
of 387 K and a Mach number of 5.64 giving a unit Reyrolds rumner 3f 7. 75..0 jer mesoar
The coolant temperature was varied from 23575-3565 K and tne a4all ‘enderat ,re €rnm 77 194 <

~ relative cooltant mass flow rate, m, used was 5.63, 3.9°% ard [ .47

The coolant was injected “nrougn tws rows of roles € L5 mm o dcameter, 1 Y omm o anar*
with a spanwise spacing of 1.0 mm at an injection angle of 3. . "re inie-*-nr ro's wan
4 mm in length and the total number of holes was (5]

By plotting values of n/n- against - for tests performed 3¢ & wa'l'! 3r1 4 -onlane

temperatures, various mass injection rates, various selected positiosns fowrstrean ¢ -
jection (even for "1ift off" conditions at ilarge m and for jaujges :l!ose *n tne <55 3r¢

injection) the reliability of equation 7 in representing film caoling was demonitrates
(Fig. 10). A straignt line can be drawn through points and extrapnlated *o = 3 to jive
he/h  and interpolated or extrapolated to obtain 2- = l,-a3d. Most of the resuits generated

lay on straight lines within the small normal experimental error. This confirms tre relia-
bility of eguation 7 and proves that there is no signifizant influence of tre wiall or
coolant temperature on the final values of hf and -~a¢ assessed by this metnod. Botn metnsds

involving a variation of coolant temperature or of wall temperature lead to the same results

so that any of these can be used.

Figures 11 and 12 present the variations of -,4 and h¢/n- thus calcuiated as a functi.n
of distance from injection in hole diameters. Ef?ectiveness is shown generally to decrease
with decreasing and increasing distance from injection, except for the highest injection
case near the slot when the relatively low injection rate demonstrates lift off. The Jepar-
“ture of a film cooled layer from the undisturbed boundary layer is assessed from the devia-
tion of hg/h- from unity. It can be seen that close to the slot hg/h. can rise considerably
above 1 near the slot indicating the high mixing characteristic of the boundary layer in
this region. At large distances fraom the slot hf/h- asymptotes to values below unity,
indicating that the flow is reverting to a boundary layer behaviour, but in a thickened
state. [t is interesting to note that the highest value of hg/h. achieved was 2.6, a very
large deviation from the assumption often used andmentioned earlier that hf = h. in a
film cooled layer.

These latter experiments thus provide results of fundamental usefulness, and justify
the use of short duration tunnels in providing useful film cooling data for the more com-
plicated configurations required by designers.

4. CONCLUSIONS

A short duration hot cascade tunnel using the isentropic light piston tunnel has been
designed and built to supplement the ambient temperature compressible cascade tunnels at
VKI, to extend work on turbine flows to heat transfer studies. The design contraints,
construction and features of the tunnel, its operation and instrumentation, are described
Examplies of experimental work to date, including heat transfer caused by two and three
dimensional flows aad results of film cooling measurements have demonstrated its ability
to generate accurate and useful data at representative turbine conditions. The tunnel
provides, and has provided, a useful capability for industry for testing film cooling
configurations.
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FIG. 2 - PHOTOGRAPH OF GATE VALVE

FI6G. 3 - PROTOGRAPH OF CASCADE OF BLADES
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DISCUSSION

G.Winterfeld, Ge
One of the problems with measurements in cascades with a finite number of blades 1s to achieve a peniodic flow

Could you. please, comment on how to verify this condition in a short-duration blow-down facility?

Author's Reply
Periodicity was verified in a number of ways. Pressure distributions on the end walls downstream of the hlade rows
were measured over the central three passages. (il visualisation and Schlieren observation of the same regions
were also used to this end. From six to cight blades, giving five to seven passages. have been used to achieve as
closely as possible flow periodicity. To justify the use of transient facilities for cascade testing. the same model
has been tested in both a blow-down ambient temperature cascade (VKI tunnel C3) and the transient tunnel.
Identical results in side wall pressures downstream of the blade row were obtained. in both cases demonstrating flow

periodicity.

D.K.Hennecke, Ge
I feel somewhat uneasy about simulating high levels of free stream turbulence intensity and structure in a short

duration test facility. How have you convinced yourself that your tests are representative?

Author’s Reply
These are short duration measurements but nevertheless they are measurements taken in times of the order of one
tenth to one half a second, when generally we feel that the flow fields that are set up can be considered to be
virtually quasi-steady. I think that’s as far as we have gone as regards the thinking on the effects of turbulence.




HEAT TRANSFER RATE AND FI"M COOLING EFFECTIVENESS
MEASUREMENTS IN A TRANSIENT CASCADE.

D. L. Schultz, M. L. G. 0ldfield and T. V. Jones
Department of Engineering Science,
Universityr of Oxford, Parks Road,

Oxfcrd, OX1 3PJ.

Summary: A transient cascade especially useful frr heat transfer rite measurements is
briefly described. The facility employs a free pistonwhich comnresses the test gas to
temperatures around 450 K and pressures of about 3.5 - 7.3 Atm. The model is initially
at room temperature and 1t is necessary to attain the correct gas-to-wall temperature
ratio. The exit Mach number is set by the inlet total pressure and the pressure in the
exit dump tank. Thin film heat transfer gauges are used for the measurement of heat
transfer rate, deposited on machineable glass ceramic blades. The inherently fast res-
ponse of these transducers makes them useful for the investigation of boundary layer
transition on blade surfaces and some typical results are included.

Introduction: A new type of transient cascade has been developed at Oxford which has
substantially improved knowledge of the distribution of heat transfer rates over turbine
blading. The cascade has been described in detail at a previous AGARD conference (1) but
a very brief review of the principles is included here for completeness. The main
features are illustrated in Fig. 1 where it will be seen that it comprises a pump tube in
which a free piston is driven by a bank of high pressure cylinders normally at 130 Atm.
The test gas ahead of the piston is compressed in about 0.75 seconds, depending on
operating conditions, until the desired total pressure and hence temperature are attained.
The total pressure is measured by a fast response pressure transducer whose output trig-
gers the gate valve, Pig. 2. This valve opens in approximately 0.03 secs. and the com-
pressed and heated test gas passes over the cascade into the dump tank. If the volumetric
flow rate at throat conditions (o*a*A*)p is made equal to that from the high pressure
reservoir through a throat located between the reservoir and pump tube (o*a*A*), then the
total pressure ahead of the piston will be maintained constant until the piston reaches
the end of the pump tube. The flow duration thus depends on the blade throat area and
total pressure (hence total temperature) for a given pump tube volume. For typical cas-
cade throat areas the flow duration in the OUEL cascade varies between 0.3 and 0.5 secs.
at total temperatures around 450 K. A more detailed analysis of the performance of this
type of cascade is given in Ref. (2). The finite piston mass, 17 kg in the present cas-
cade, would result in oscillations in total pressure when the gate valve opens but a
method of compensating for these by altering the volumetric flow rate has been developed
and described in Ref. (1l). With 'compensation' in use the total pressure may be main-
tained constant to within about + 1% provided the blade throat area, and hence the mass
flow rate demanded from the driver cylinders is not too great.

Simulation: It is of course essential to achieve the correct Reynolds and Mach numbers
for heat transfer and aerodynamic measurements. In addition it can be shown, Ref. (3),
that temperature scaling requires the gas/metal (Tg/Tw) for uncooled and gas/metal/
coolant (Tg/Tm/Tc) for cooled blades to be correct. Operation at the correct gas/metal
temperature ratio of say 1.5/1 requires a test gas temperature of 430 K if the model is
initially at room temperature, 288 K. This low temperature also makes full scale
Reynolds number simulation more straightforward because of the rapid change in viscosity
with temperature. For example the unit Reynolds number Re/mPa at 1500 K is 22.22 at

M = 1.10 and 93.63 at 430 K so that engine operating Reynolds numbers may be correctly
simulated by pressures which are only 0.25 of engine full scale. Since in general the
geometric scale is also increased in cascade testing by factors around 1.5 to 2.0 for
ease of instrumentation it can be seen that the total pressure is reduced to between 0.17
and 0.25 of engine full scale for full scale Reynolds number and temperature ratio
gsimulation. The transient cascade at OUEL is normally operated at total pressures bet-
ween 3,5 and 7.5 Atm. for full scale Reynolds numbers up to 1.7 x 10f based on true chord
and exit Mach number. Changes of exit Mach number are achieved by adjusting the exit
pressure set by the dump tank, Fig. 1, although it is necessary to measure the cascade
exit pressure at some predetermined location closer to the blades because there are
inevitably pressure qradients in the exit duct.

Of the engine conditions which should be simulated the inlet turbulence level and
its scale are the most difficult. Detailed knowledge of the characteristics of turbulence
at inlet to even first stage guide vanes is very limited and what does exist indicates,
Ref.'(4), that the turbulence is extremely inhomogeneous with levels varying from 12 to
14 W /U, with levels up to 18% at blade root and tip caused by the secondary flow. The
simulation of such spatial non-uniformities is clearly unprofitable in stationary cascade
studies but even the attainment of an homogeneous level approaching 10% has not so far
been possible, In the OUEL cascade turbulence levels of approximately 4% can be achieved
using conventional upstream bar grids. This has been effective in promoting transition
early on the suction surfaces of blades and N.G.V.'s and is acceptable although by no
means as high as would be desired, Turbulence levels in the OUEL cascade are measured
with a conventional constant temperature hot-wire anemometer operation of the wire
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through a range of overheats enables both Re' ‘Re and To' Fo to be determined, Ref. i6).
The hot wire is of course sensitive to fluctuatlons in to:al temperature and in the cas-

cade these have been found to be 0.2% under conditions in which the v{Re"y - Re * u' U
fluctuations were 4.2%. The value of U ' found from hot wire measurements agreed well

with that deduced from the stagnation l.ne heat transfer rate on a circular cylinder in
cross flow, The enhancement of heat transfer rate due to free stream turbulence is weall
documented over a wide ranage of conditions and serves as a usef1l theck on the hot wire
measurements. A second feature of the flow in an engine whose effect should be understood
is wake interaction with the passage flow and blade boundary layers. Much more work
remains to be done before the effects of this phenomena on boundary layer transition and
heat transfer rates is understood, Evans at Cambridge has made a detailed study of wake/
boundary layer interaction effects on compressor blading but to date there are no similar
results available for turbine blade profiles. A study of this phenomena is now in pro-
gress at OUEL.

Instrumentation: The short flow duration of the free piston compressor requires hiah
freguency pressure imnstrumentation but conventional semiconductor transducers connected
to 100 -~ 150 mm lengths of 1.5 mm bore tubing have proved satisfactory, having tire con-
stants less than 0.010 secs. Differential transducers (National Semiconductor LX 1620 D)
are generally used with the r~ference total pressure taken from a larger bore tube on one
of the lower blades in the cascade so that differential feed to 10 or more transducers
can be made without undue degradation of the fregquency response.

One of the most useful features of transient testing is the ease with which heat
transfer measurements may be made. The method utilises the measurement of the time
dependent variation of surface temperature, which has been fully described in AGARD
AG - 165, Ref. (5). Machineable glass ceramic blades (Corning *MACOR') are machined on a
numerically controlled mill, the surface is polished and the thin film sensors, an alloy
of platinum and silver, deposited by hand painting 'Hanovia Liquid Bright Platinum 05-X°'
and firing at 650 C. Several coats are applied to achieve a suitably robust film of low
resistance and tab leads of gold to reduce the lead resistance, Fig. 3. The temperature
coefficient of resistance must be known and is found by heating the entire blade in a tem-
perature controlled bath,

The linear heat conduction equation

227 _ 1 a1

(1
3x2 a 3t
may be solved for the heat transfer rate at the surface éx=o = —(k%%)x=o giving
gls) = J/ock /5 T(s) (2)
s being the Laplace variable.
In the simplest case of éx=0 constant the surface temperature becomes
q /t

Yrock

If the heat transfer rate is not constant it may be obtained from Egn. (2) above as

shown in Ref. (5),
4 (8 /_£ I N A JONES JCI P (@)
" Tt 2 (t - r)3/2

o]

More readily an electrical analogue may be used to convert directly from surface
temperature to heat transfer rate. The one~dimensional heat conduction process is
directly analogous to the conductiaon of electric waves in a simple R-C transmission line.
The equation for line voltage V in terms of t and RC is

2
2V e pe ¥ (s)

ax2 at

So that the resistive element R is the analogue of the thermal conductance l/k and the
capacitance C the analogue of the heat capacity oC in the solid. The current into the
analogue circuit which corresponds to the heat transfer rate is measured, usually by
means of a current-to=-voltage converter, Ref. (6), Fig., 4. The increase in blade tem-
perature during the test can reach 50 -~ 75 C and in order to determine the isothermal heat
transfer rate the heat transfer rate and surface temperature are cross plotted as in

Fig. 5(b) and extrapolation to ATy = Q0 performed by the same computer which acouires and
processes other data. The computer installation at OUEL comprises a PDP 11/34 with 32
input channels from blade transducers, either pressure transducers or heat transfer
gauges, and cascade transducers monitoring inlet total and exit static pressures. The
computer is used to calibrate the pressure transducers on-line by presgurising the entire
working section. The calibration data is stored on disc, incorporated in a cascade run-
control programme and automatically used to analyse the test data. The test data is then
printed out in 2 mins. after the completion of the run and gives the blade pressure or
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neat transfer rate distribution or loss coefficient measurement tcgether with all the
necessary experimental values of cascade operating conditions. Inlet total temperature
is normallv calculated from the isentropic compression ratio but this parameter has been
measured using a t“hermccouple and found to aqree to within 1% of the predicted value at
temperatures up to 4150 K.

A ‘arther wvaluable feature of fast response heat transfer gauges is the ability it
qives *o differentiate between laminar, transitional and turbulent boundary layers.
Referrinag to Fig. 6 a typical laminar heat transfer rate record from a thin film gauge
would be +he smonth trace in (a). Turbulent spots passing over the gauge cause upward
spikes from increased heat transfer rate, (b). In the centre of a transition zone the
siqnals are compietely random (c), and in a fully developed turbulent boundary layer tlh
rrace shows high freauency fluctuations of an approximately constant magnitude (e).
Before the bhoundary layer is fully turbulent downward spikes towards the laminar tran-
siticnal regime can be observed (d). This phenomena, used by Schubauer and Klebanoff,
Ref, (7)), with hot wire anemometers, has peen observed on the suction surface of a number
5¢ guide wvane and rotor profiles and has greatly assisted the identification of boundary
layer transition. Similar thin film heat transfer gauges have been used by Oldfield et
al., Refs. (8) and 79), to determine the location and extent of transitional flow on a
hlade in the larae continuous flow cascade at DI'VLR, Braunschweig. In this case the thin
“ilm is maintained at a constant overheat temperature by means of a conventional hot-wire
memometer feedback bridge (DISA). Early work on this thin film technique was ‘~ne by
“ellhouse and Schultz, Ref. (10), and Owen, Ref. (1l1), using thin film gauges in sub-
and supersonic tunnels.

Results: The most useful data from the isentropic frea piston compressor is perhaps the
heat transfer rate distribution. 3uch a distribution on a rotor blade is illustrated in
Fig. 7(a) and compared there with current predictions. The form and leve. of the heat
transfer rate on the vressure surface is seen to be quite well predicted. On the suction
surface all current theoretical methods are less reliable in the transition zone. It can
be seen from Fig. 7(a) that the final turbulent heat transfer level on the suction sur-
face is in close agreement with the theoretical value although neither is entirely
satisfactory during transition. In these circumstances measurements of high frequency
fluctuations in heat transfer rate are helpfal in identifying the extent of transition.
In this case the ratio of peak-to-peak heat transfer rate to mean is shown in Fig. 7(b)
in relation to the mean levels. The bandwidth of the measuring system was limited to
about 3 kHz and is therefore much less than optimum but the results reveal the usefulness
of the method which has been successfully applied to the ident.fication of transition
zones on several blade profiles. A 100 kHz bandwidth analogue system has been developed
‘or further studies using this techniqgue,

A complete heat transfer rate survey on a nozzle guide vane is shown in Fig. 8.
The variation in Reynolds number from 0.4 to 0.8 x 10°/m is sufficient to cause tran-
sition on the suction and pressure surface. On the pressure surface an increase in free
stream turbulence level from below 1% without an upstream grid to 4% at Re = 0.8 x 10%/m
is sufficient to cause immediate transition again on the pressure surface and does not
alter the levels on the suction surface. This evidence suggests that although the 4%
u'/y turbulence level which can be achieved is much lower than in the engine environment
it is sufficiently high to cause natural transition on blade surfaces. Increase in
Reynolds number to 1.2 x 10%/m affects the overall level of heat transfer rate as would
he expected and results in no further alteration in the state of the boundary layer on
2ither pressure or suction surface.

Film cooling studies on the pressure surface of the same profile have been made
over a range of coolant flows nc Uc/o» Ux from 0.5 to 4.0. Typical results shown in Fig.
9 show the effect of low, 0.75, and high,2.00,coolant flow rates. These results are con-
sistent with those obtained on a flat plate by Smith et al., Ref. (12), who showed that
high coolant flow rates can increase the heat transfer rate just downstream of the
injection holes. Nevertheless, there is a marked reduction in heat transfer rate far
downstream at the higher coolant flow rate. 1In this experiment the cnolant temperature
was the same as the blade.

Conclusion: The transient cascade has been shown to be a useful facility for a range of
measurements on turbine blading under fu.l scale engine Reynolds, Mach numbers and
temperature ratios. Although the free stream turbulence level is limited to about 4% in
the OUEL cascade present evidence suggests that it is sufficiently high to cause natural
trangition near the leading edges of both rotor blades and vanes. The measurement of the
fluctuations in heat transfer rate have proved useful in identifying the transition region
on the blade surface.

While such short duration techniques cannot replace full scale tests the detail
which is obtainable, particularly in heat transfer rate measurements provides a
relatively inexpensive check on design methods .
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DISCUSSION

W.J Priddy, UK

Dr Schultz. you state that a fraction of a second is adequate time to allow for the turbulence to settle in your
transient facility. There is a range of {requencies present in turbulence including very large scales assocuated with
low frequency. The ditferent frequencies interact through a cascade of energy transter between the eddies. where
the development of the ‘high frequency” eddies is dependent on the ‘low frequency’ scales. Therefore. the time scale
for the turbulence to fully develop is dependent on the largest and “slowest’ scales. In view of this, how can you be
certain that the turbulence has fully developed?

Author’s Reply

If we assume, for example, that the mean blade Mach number is 0.5 and the true chord is 0.05 m then the average
transit time through the passage would be of the order of 0.3 milliseconds. representing a frequency of about

1700 Hz. Any frequency below this relates to changes in the mean cascade velocity and their scale has little or no
effect on transition processes.

The turbulence structure behind the grids we use is established in the time scale of the experiments. It only takes
five milliseconds for the wakes behind the turbulence grid bars to extend to 100 bar diameters when the inlet Mach
number is around 0.3, typical of our cascade.
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STUDIES OF TURBULENCE CHARACTERISTICS AND THEIR EFFECTS UPON THE

DISTRIBUTION OF HEAT TRANSFER TO TURBINE BLADING 4

by

F.J. BAYLEY, Professor of Mechanical Engineering and
Pro-Vice-Chancellor (Science),
University of Sussex, BRIGHTON BNl 9QT, U.K.

W.J. PRIDDY, Research Fellow in Mechanical Engineering,
University of Sussex, BRIGHTON BNl 9QT, U.K.

In this paper two techniques are used to determine the distribution of heat transfer
coefficient around turbine blade sections. Data are reported from cascade tests
with a steady mainstream and then from tests in which the turbulence intensity and

frequency were systematically varied. A provisional courrelation of the data is
described.
Nomenclature
b.p.£f. Blade passing frequency, Hz. Nuo Nusselt number in steady flow
c Blade chord, m. o Mainstream velocity, m/s
fb Bar passing frequency, Hz. u’ Root mean square velocity
m Mainstream rate of flow, kg/s. fluctuation, m/s.
M2 Exit Mach number. Re Reynolds number.
N Rotational speed of cage, X Distance around blade surface, m.
rev/min. p: 4 Distance of blade cascade from
Nu Nusselt number cage, mm.
v Kinematic Viscosity, mz/s.
Introduction

It is now generally accepted that significant differences are found between measurements
of convective heat transfer to turbine blading in laboratory cascades and deductions

from engine data. Qualitatively these differences are explicable through the different
turbulence characteristics of the flows in cascades and those in the demanding environ-
ment of an engine, and certainly many workers have demonstrated experimentally and
theoretically that different turbulence parameters have varying and usually significant
effects upon local convective heat transfer rates. Quantitatively, however, the situation
is less satisfactory, certainly from the designer's point of view, dictated by his
requirement tc make reliable predictions of blade 1life and thus of local temperatures
around a blade surface. Not least the quantitative difficulties arise from the problems
of measuring flows within an engine, but even if these were overcome uncertainties would
remain as to the properties of real flows which characterise the turbulence and its
effect upon local heat transfer. Turbulence intensity has traditionally been reqarded

as the principal turbulence parameter, but many workers have demonstrated that other
factors are important and Dyban and Epik (1), for example, suggest that each of the

three components of velocity fluctuation, the energy spectrum, the correlation coef-
ficient and the so called intermittency factor need to be known to define precisely a
turbulent flow. Many modern turbine blade sections, even at the high Reynolds numbers
at which they operate manifest considerable areas over which the boundary layer remains
laminar in a steady, low turbulence stream. The superimposition of main stream velocity
fluctuations associated with artificially induced maingtream turbulence is well known to
affect dramatically heat transfer rates under such conditions, and Ishigaki (2) has shown
theoretically that under such conditions the frequency of the perturbations, as well as
their intensity, or amplitude, is important in determining the enhancement of the con-
vection process. Clearly such effects can be important in turbine blade design for as
rotor speed changes so will the frequency of the perturbations in flow velocity which

the blades experience.

This paper describes a continuing programme of research in the Thermofluid Mechanirs

Regearch Centre of the University of Sussex which is attempting to separate the effects

of some of the different turbulence parameters. A previous paper describing this

work (3) showed how in experiments upon a modern rotor blade sectinn there appeared ¢+

he a clear and separable effect of frequency, over parts f the blade sectiorn at [ease .

This early work however involved intensities of turbulence qenerally Yaigher +rar -~ o

he reascnably expected in an enqgine, and frequencies lower than we id beoros o, ‘

experienced by rotor Liades, for example, passing throudh che wakea 6w g0 o . v .

S
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present paper some of the deficiencies of the earlier work have been made good and some
preliminary attempts are reported at correlating the magnitude of the observed effects
following the predictions of the theoretical work of reference (2).

The Turbulence Generator

The cascade tunnel used for the present work typically yjelded a turbulence intensity of
less than one percent at the blade leading edges. This level of turbulence was enhanced
for part of the test programme by a generator of the general form described in reference
{3). This comprises a squirrel cage which can be rotated at varying speeds, thus pro-
ducing a perturbation frequency determined by this speed and the number of bars in the
cage, which for the current part of the programme has been kept at thirty. The intensity
of the turbulence is determined largely, again as described in detail in (3), by the
diameter of the bars, but also by the distance downstream from the cage. Compared with
the earlier apparatus of (3) the current design enables the distance between the cage

and the leading edges of the blades in the cascade to be varied between 6.4 mm and 38 mm
giving an additional control of the turbulence characteristics. Even more important, the
facility to operate close to the cage has enabled the effects of the peak frequencies
upon the heat transfer to be observed. Thus the current cage design, shown in the
drawing of the apparatus, Fig. 1, which incorporates carbon fibre bars 2.4 mm in diameter,
can be rotated at up to 20,000 rev/min, giving a bar passing frequency, with 30 bars, of
10 kHz. In the earlier apparatus, with a fixed distance of 46 mm between cage and
blades, the high frequency perturbations were found not to persist in the flow over this
distance, which was not, of course, typical of blade inter-row spacing in modern engine
design.

The turbulence characteristics of the flows behind the cage have been determined by a
hot wire anemometer using a single filament set normal to the mainstream flow direction
and traversed over the cascade entrance plane. The signals were analysed by standard
Disa anemometer circuitry to yield the usual turbulence intensity, defined as the rms
streamwise velocity fluctuation expressed as a percentage of the average mainstream
absolute velocity. In this phase of the work no attempt has been made to distinguish
component fluctuations nor to attempt spatial correlation of the perturbations. The
work has concentrated on the gross characteristics of the flow, and in particular its
frequency characteristics. Determination of these has been facilitated in the current
programme of work, compared with the earlier, by the use of a Solartron 1510 spectrum
analyser. This instrument analysed the signals from the anemometer online to yield
directly the power spectra of the fluctuating flow. Some typical examples of these are
reproduced as Fig. 2, and in all cases the distinct ‘spike® at the bar passing frequency
is noteworthy, and is now found to be distinguishable further downstream at the higher
frequencies than was the case in the earlier programme of work.

Figures 3a and 3b show how independent was the turbulence intensity of frequency and
rate of mainstream flow, as also was found in our earlier work (3). The effect upon
this parameter of distance from the cage is shown by Fig. 3¢ and the observations
follow generally accepted trends.

For the whole programme of work reported here measurements were made of turbulence
characteristics only at the blade leading edges, for current instrumentation does not
allow measurements through the blade passages.

Measurements of Heat Transfer

The present programme of work has given the opportunity of comparing two different
procedures for determining the distribution of convective heat transfer rate around a
turbine blade section. 1In the past and for some of the present work use has been made
of the method developed by our former colleague Dr. A.B. Turner (4). In this, the two-
dimensional Laplacian conduction equations are solved by a finite element method on a
digital computer using boundary conditions of measured temperature distribution around
the blade outer surface and heat transfer rates at the surfaces of internal passages
conveying cooling air. The procedure yields the normal temperature gradient and hence
the heat transfer rate at the outer surface. This has proved to be a powerful technigue
and is sensitive enough to show clearly sharp changes of heat transfer rate, as at the
laminar-turbulent transition. It is however expensive of computer and user time and
especially is this the case when blade sections with long thin trailing edges are
examined, for even with the largest computer at our disposal it is difficult to arrange
for gufficient elements for an accurate solution to be contained within these regions.

The alternative procedure which has been adopted for most of the current programme is to
model the blade section as a hollow shell, about lmm thick, in a metal plastic composite
material. This has a thermal conductivity of about 1 W/mK, so that the typical heat
fluxes under the test conditions, in which the mainstream total temperature is about

100°C and the cooling air temperature inside the shell about 20%, produce temperature

drops through the wall of the order 10°%c. These can be accurately measured by thermo-
couples formed from fine (0.2 mm diameter) wires buried in the inner and outer surfaces.
The differences between inner and ocuter temperatures are readily converted on-line to heat
transfer coefficients by a simple data reduction programme, and outputs like those of
Figures 4, 5 and 6 can be obtained as the rig is running.
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Observations in the Unperturbed Flow

Figure 4 compares the distributions of heat transfer coefficient observed in comparable
tests on a rotor blade section using the two techniques of measurement, The abscissa

of this figure and throughout is defined as the distance measured arcund the surface

from the leading edge stagnation point divided by the plan or true chord and expressed

as a percentage. Data beyond the 80 per cent point on the pressure (or concave) surface
and 120 per cent on the suction (or convex) surface are of no significance since in
these trailing edge iegions the physical scale of the blade made impossible accurate
modelling by either analytical technique.

Beyond the clearly defined laminar turbulent transition region on the suction surface
the agreement between the two methods of determining the heat transfer coefficients is
not satisfactory, and this was consistently the case through the whole range of con-
ditions covered in this total programme. The heat fluxes to the thin-shell blade were
usually about one-half those on the steel blade used for the Laplacian analysis, and
there is some possibility that the boundary layer was more stable with thus a tendency
to lower coefficients in the former case. It is more likely, however, that the ill-
conditioned nature of the numerical representation of the conduction equations in this
region made for errors in the steel blade analysis, and the thin-shell data is thought
to be the more reliable. This ill-conditioning is also the cause of the oscillations
in heat transfer coefficient observed elsewhere on the steel blade, although in these
other regions the mean values are in good agreement with the observations from the thin-
shell blade. An error simulation study of the Laplacian results showed them to be
sensitive to quite small perturbations; for example, a perturbation of as little as

0.5°C in surface temperature could under certain conditions lead to variations of * 15
per cent in computed, surface-average heat transfer coefficients, A full study of the
factors affecting numerical solutions of the conduction equations has recently been
published by our colleaque, Dr. J.M. Owen (5). Thus although the finite element
solution has proved a useful and powerful technique of heat transfer analysis, we have
for the remainder of the programme concentrated upon the more convenient thin-shell
method of testing.

Fig. 5 shows how the distribution of heat transfer coefficient around this same rotor
blade section changed as the exit velocity from the cascade, and hence Reynolds number
and Mach number, was varied. In this method of representing a range of results the
exit Reynolds number is shown in the left-hand abscissa, and its value for a particular
curve indicated by the short horizontal line. This also shows the zero point for the
heat transfer coefficient for each curve, and the absolute value of this coefficient may
be obtained as the height above the corresponding zero line for each distribution curve

using the scale at the right-hand coordinate. The simplicity of the thin-shell analytical

technique allows these contours of heat transfer coefficient to be drawn by the on-line
computer as the test rig is running, and a similar plot is shown as Fig. 6 for a typical
nozzle guide vane of low turning angle.

These heat transfer data from the thin-shell blade sections allow comparison with
existing prediction techniques for the relevant flow conditions. In Figures 7a and 7b,
the distribution of heat transfer around the two blade sections tested are compared with
simple flat plate predictions for the highest exit Reynolds numbers in each case.
Local Reynolds numbers were computed from measured pressure distributions around each
section, and we immediately observe that the turbulent boundary layer predictions are
quite inappropriate. The leading edge data are slightly overestimated for the con-
ditions shown using the form proposed in (6), and all our observation show that con-
sistently the rotor blade has behaved more predictably in this region. The predictions
from laminar flat plate theory (for example, from ref. 7) are in good agreement with our
measurements over substantial parts of both blade sections and for most of the tested
range of flow conditions. Indeed, the only exception to this observation is that shown
for the pressure surface of the rotor blade in Pig. 7a. The heat transfer coefficient
just downstream of the leading edge is in good agreement with theoretical prediction,
and at lower exit Reynold numbers this agreement persists downstream, as on the nozzle
blade, Fig. 7b. At this high flow on the rotor blade, however, it is observed that the
heat transfer coefficient on the pressure surface rises towards the trailing edge and
this could be attributed to the development of Taylor-Goertler vertices. The procedure
of Smith (8), for example, predicts their onset over most of the pressure surface of
this blade at this flow condition; unfortunately a similar prediction is made for the
nozzle blade where almost no increase in heat transfer is observed. The slight oscil-
lation in coefficient along the surface of both blades gives some credence to such a
hypothesis, however, although it is clear that there is much uncertainty about the
quantitative effects of such phenomena. A possible resolution of the discrepancy may
du

be in the value of the acceleration parameter V/“i'air‘ This only falls below the

critical value of 2.6 10 6 associated with relaminarisation of turbulent boundary layers,
at the highest flow rate on the rotor blade, and towards the rear of the nozzle blade,
where there appears a slight rise in heat transfer. Further study of these phenomena are
clearly called for.

e
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It is particularly obvious from these results, as indeed is well known, that the pre-
diction of the laminar-turbulent transition region, both in placing and extent, is of
crucial importance if turbine blade designers are to make an accurate estimate of the
distribution of heat transfer rates in steady flows at least, None of the many avail-
able procedures, empirical or otherwise, predicts the clearly observed transitions in
the present programme. There is some evidence that separation is the triggering mech-
anism on the suction surface of the rotor blade, a point of view baged on approximate
estimates of the development of the momentum boundary layer thickness, and reinforced by
the observed reduction in heat transfer just upstream of the transition on this blade.
Similar trends in the heat transfer data for the nozzle blade point the same way but
this transition mechanism is not, however, confirmed by the boundary layer analysis.

Effect of the Flow Perturbations

A set of tests was conducted on the rotor blade with the turbulence generator rotated
upstream of the cascade at speeds ranging in 1000 rev/min steps up to the maximum of
20,000, and at distances from the leading edge of the instrumental blade varied over the
available range. The turbulence conditions covered thus ranged between 15 and 32 per
cent intensity and bar passing frequencies between 4 and 10 kHz.

The effects of turbulence intensities which might not unreasonably be expected in an
engine are shown as Fig. 8. for the rotor blade. The striking effect of the pertur-
bations upon the heat transfer to the pressure surface in particular is noteworthy, and
even the intermediate turbulence intensity more than trebles the convective coefficients
on this surface. Effects are less on the suction surface and indeed downstream of the
previously observed transition region, which is now almost wholly suppressed, there is
little enhancement, as many other investigators have found (9). Further upstream there
is some increase in heat transfer, surprisingly rather more evident with the lower
intensity represented in this figure, although here the separation referred to in the
steady flow work may be complicating the picture.

The effect of frequency upon the distribution of heat transfer as the intensity of the
perturbation and the mainstream Reynolds number are held constant, is shown in Fig. 9.
Although the effects are less dramatic than those resulting from the change from a
steady to an unsteady flow, there is nevertheless an increase in the rate of heat transfer
to most of the blade surface as the characteristic fundamental frequency of the perturb-
ations is raised.

Such an effect was predicted by Ishegaki (2), who derived from his theoretical analysis
the parameter

u_' 2 fbc k

um uen

in which u” is the r.m.s. velocity fluctuation superimposed on the mainstream velocity,
u,, so that (u’/u,) is the usual turbulence intensity. The second group is the so-

called Strouhal number in which fb is the frequency of disturbance, in this case the

blade passing frequency, and ¢ a characteristic length, in this case the chord, or the
appropriate fraction, of the blade.

Fig. 10 shows all the data from the present rotor blade test programme represented in
terms of a modified version of this parameter. Following the practice adopted in our
earlier work (3), for convenience the blade has been divided into four principal regions,
the leading edge, the pressure surface, and the upstream and downstream halves of the
suction surface. As has already been seen there is a negligible effect of the perturb-
ations on the latter region, so that this figure shows the results only for the remaining
three regions of the blade surface, as indicated.

The abscissa is the Ishigaki parameter modified by multiplication by the mainstream
Reynolds number appropriate to each of the blade regions represented. The exit values
are used for the pressure surface, the midsurface distance and exit velocity for the
upstream suction surface, and the cascade inlet velocity and radius of curvature for the
leading edge. Because of the scales adopted all the data for the latter region is
compressed together near the origin, and is therefore shown only as average values for
the two different intensities systematically studied.

The heat transfer rate in the ordinate of Fig. 10. is represented in the normalised form

as the ratio of the surface-average coefficient measured in the unsteady flow to that at
the corresponding conditions in the unperturbed flow. The resulting correlation is not
complete and differences in the effects of the perturbations are apparent upon the three
blade regions distinguished. It is not possible yet to determine whether this is due

to variations in local turbulence conditions around the blade, which cannot be measured

in the current phase of the work, or to more fundamental variations in local flow stability,
for example. Nevertheless the correlation of Fig. 10 is not discouraging but further

work is required to resolve the uncertainties which remain.
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Conclusion

The thin-shell technique for measurement of blade heat transfer coefficierts is shown to
be a reliable and convenient method to apply. With it, some understanding of boundary

layer behaviour in both a steady and turbulent mainstream has already been gained.

When the requirement ig to test at elevated gas temperature, for example downstream of a
combustion chamber, the so-called Laplace method for a high temperature metal blade is a
powerful alternative. This solution, however, demands a precise knowledge of the bound-

ary conditions.

An encouraging correlation for the blade heat transfer in turbulent conditions has been
made but points to the need for further research. The turbulence frequency and intensity
parameters appear both to be significant.
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DISCUSSION

M.L.G.OMdfield, UK
You have simulated charactenstic blade passing frequencies with the squirrel cage. but the bars are closer together

than an upstream nozzle guide vane row of blades would be. Have you considered using fewer bars rotating at a
higher velocity, so that the nozzle guide vane wake passing velocity and wake spacing can also be simulated?

Author’s Reply
In effect we have attempted to walk before we run and concentrated on the turbulence frequency as an individual

parameter as well as the turbulence intensity. Presumably a phase lock averaging technique could be applied to
study the velocity defect of the wakes simulated upstream of the cascade blades. The spacing of the passing bars and
their speed might then be adjusted to simulate correctly the relative wake velocity and spacing produced in a turbine
by the upstream blade row. However, the configuration will depend on the particular engine and stage under
consideration, whereas ours is a general study of the blade passing effect. It might also prove not possible to control
all three parameters, namely frequency, wake spacing and velocity defect, independntly of cach other in a model rig.
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CORRELATION MEASUREMENT OF VELOCITY AND
TEMPERATURE FLUCTUATIONS IN A FREE JET
DIFFUSION FLAME

by
V. Wittmer and R. Glinther
Universitét Karlsruhe (TH)
Engler-Bunte-Institut
Lehrstuhl und Bereich Feuerungstechnik
Richard-willgtdtter-Allee 5
7500 Karlsruhe 1
Germany

SUMMARY

In the present paper a free jet diffusion flame was studied.
The measurement techniques used were the laser-Doppler-anemometry
(LDA) and a compensated thermocouple. With LDA the fields of both
the mean axial and radial velocities and their fluctuations were
measured. The local mean and fluctuating temperature were measur-
ed after determining the frequency response. The time constant
was measured assuming the transfer function of the thermocouple
to be a first order lag. The results of the temperature measure-
ment show, that the maximum of the temperature fluctuations is
outside of the reaction zone. In a traverse plane the correla-
tion of the fluctuating axial and radial velocities has the maxi-
mum at the location of the highest gradient of the axial velo-
city. The correlation of fluctuating velocity and temperature be~
comes zero in the reaction zone.

NOMENCLATURE

nozzle diameter

constant

probability density function

correlation coefficient

time

temperature

derivative of temperature with respect to time

N
N

mean and fluctuating temperature
velocity

£
\
[ S

mean and fluctuating velocity (axial)

.
<
.
N

mean and fluctuating velocity (radial)
(axial) coordinate

(radial) coordinate

time constant

A% % <lele Bl WO o
-

Subscripts

c corrected
g gas

i index

m axial quantity
[} thermocouple

1. INTRODUCTION

A common flame in industrial practice is the turbulent diffusion flame. This flame
burns in a shear layer that is turbulent. In contrast to premixed flames the diffusion
flame entraing its combustion air from its surrounding. Turbulent mixing of fuel and air
controls the combustion process.

In order to study the behaviour of a turbulent flame both mean and fluctuating values
of velocity, temperature and concentration must be studied. At the present time it is not
possible to calculate those quantities from theory alone. Experimental values are needed
as a basis and point of comparison of mathematical models. In particular, the measurement
of the correlation of physical guantities is necessary to interpret the processes in a
turbulent flame.

In the present paper the turbulent velocity and temperature fields and the correla-~
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tion of velocity and temperature fluctuations were measured.

2. FLAME AND BURNER SYSTEM

The gas leaves a conical nozzle with a diameter of 8 mm with an exit velocity of
71 m/s (Re = 3.7 - 10%). This type of nozzle was chosen to avoid agglomeration of particle
in the nozzle. The particles were necessary for seeding the gas for laser-Doppler-anemo-
metry. Because of the high exit velocity the flame has to be stabilized, for which a ring-
shaped jet of oxygen (450 1/h) was used.

The whole burner gystem could be traversed in the horizontal direction.
3. VELOCITY MEASUREMENT

The laser-Doppler-anemometry (LDA) was used for the measurement cf the following
velocity components:

- ' - - v -2 .
u, u 2, v, v o, uv.

The optical arrangement (Fig. 1) consisted of an Argon Ion laser, beam splitter, two
Bragg cells and the focussing lens. Beam splitter and Bragg cells formed a rotatable unit.
The laser was operated in the green line with a power of about 0.5 Watt. The frequency
shifting by Bragg cells is necessary for high turbulence measurements. The fringe distance
in the measurement volume of the LDA system was 4 um. The forward scattered light passed
an optical system consisting of two lenses which enlarged the measurement volume by a
factor of 1.5 . The LDA signal collected by a photomultiplier was analyzed in a TSI
tracker. Its voltage output and trigger output (to avoid measurementg during dropout time)
were connected with a signal analysis computer (Deutsche Intertechnique, PS 400) which
sampled the signal and calculated the velocity. Since an LDA system gives a higher weight-
ing to higher velocities, a correction as suggested by Durst was used, Eq.(1).

Po(uy) = Pluy)/uy (1)

The meaning of this equation is, that the probability of a given velocity is divided by
that velocity.

The radial components of the velocity and u' v’ term were measured by rotating the
optical system. By measuring in three directions (30°, 09, -30°) it is possible with the
geometrical relationship to calculate these quantities [2]

3.1 Seeding System

For seeding MgO particles were used. The gas was seeded as well as the air stream.
This stream was introduced by a cylinder with a diameter of 0.6 m surrounding the gas
nozzle. The cylinder is covered by a perforated plate and contained sieves for a uniform
velocity distribution (Fig. 1). The exit velocity of the air stream is only 0.4 m/s, so
that the flame burned as a free jet.
4, TEMPERATURE MEASUREMENT

In a turbulent flame the temperature of the fluid can change very quickly. The fluctua~
tions can range up to 10 kHz.An uncompensated thermocouple responds too slowly to repro-
duce all fluctuations with the same accuracy. The principle of the compensated measuring
technique, which was first proposed by Kunugi (3] , is to match the frequency response
of the thermocouple.

The frequency response of a thermocouple can be described by a simple heat transfer
equation, Eq.(2)

T Ts + Ts - Tg = 0 (2)

It can be seen that equation 2 represents a first order lag. Knowing the geometry and the
physical properties of the thermocouple it is possible to find the time constant t (4, 5] .
In the present paper the behaviour of the thermocouple is modelled as a first order lag
to determine the time constant. In general

Ty(t) + y(t) = k x (t) (3)

from which the response to a step function is
yit) = k « e t/T (4)
Thus y(t) = 0.368 y (t = 0O) (5)
or in general, if the value for t = O is not used
y(t + 1)/y(t) = 0.368 (6)

Eq.(5), (6) are equivalent to determining t by finding the intercept of the tangent to
the curve with the time axis (Fig. 2).




4.1 Experimental Apparatus

To find the time constant the thermocouple was heated by a pulsed electrical current

(Pig. 3). The response curve was sampled by a signal-analysis-computer and 1 was calculated

with the help of Eq.(5). The resulting compensated signal was filtered by low pass filters.
The filter cut off frequency was determined by a frequency analysis. During the analysis
the frequency was found after which the electronical noise became greater than the signal.
Since the compensating network amplified noise and signal in the same way up to this cut

off frequency, the noise was subtracted by an energy balance. By Eqg.(7) the true RMS-value
of the temperature was determined
F"52 _ 2 - R 52
true - ™8 cagured noise tn

The RMS,,jge quantity is dependent on low pass filter and t‘ e constant and was calibrated
before measurement.

For the measurements a butt welded Pt-PtRh (108) thermocouple with a diameter of
0.05 mm was used.

5. CORRELATION MEASUREMENT

A combination of the measurement techniques LDA and compensated thermocouple allowed

the determination of the correlation of temperature and velocity fluctuations. The relation-

ship of these two quantities is given by Eq. (8):

R = u‘T'/VT_Z- VT_—; ~1SRS+1 (8)

The physical significance of a negative R is that a high temperature occurs with a low

velocity and vice versa. If R = O there is no dependence of the two fluctuating gquantities.

If R is positive, then a high (low) temperature coincides with a high (low) velocity.
5.1 Experimental Apparatus

For the correlation measurement the signals of velocity and temperature are to be
measured simultaneously (Fig. 1). The trigger signal of the tracker was used to synchro-
nize the simultaneous measurement. The correlation was calculated by the signal-analysis-
computer in the following way. The correlation may be expressed in terms of the time
averaged velocity-temperature uT and the product of the mean velocity and mean temperature
as

uT = ur - qT (9)

For the measurement the thermocouple was located directly above the LDA measurement
volume.

6. RESULTS

The results of axial (Fig. 4) and radial (Fig. 5) distribution of the measured guanti-
ties are plotted with the same abscigsa scale, so the various physical values may be
compared.

Fig. 4 shows the distribution along the flame ax in dimensionless distance x/d of
the axial mean velocity u, the fluctuating velocity Ju <, the ulence intensity Tu cal-
culated from these both and the radial fl ating velocity Yv ¢ . Furthermore, the mean
temperature T , the fluctuating quantity YT and the correlation coefficient are plotted.

The decay of the mean velocity along the axis is typical for a jet. Not typical, how~-
ever, is the appearance of an acceleration right after the nozzle. This increase of the
velocity at x/d = 10 with the value of the exit velocity must be a result of an explosive
expansion of the jet on ignition and the restricting influence of the oxygen stabiliza-
tion on the jet. The effect is not a fault of the measurement technique (LDA) since it
was also observed in probe measurements. This initial acceleration was also found a=-
surements of a concentric diffusion flame (6] . The axial fluctuating velocity Yu
shows a distribution similar to that of the mean velocity. Large values occur at x/d
= 10. Further from the nozzle the fluctuating velocity decreases. The turbulence inten-
sity increases with the nozzl stance and remains constant 20% past x/d = 100, _The
radial velocity fluctuations Vv do not behave isotropically with respect to Ju < .

S is opy 1s to be seen near the nozzle exit, but further downstream the ratio of
Jvﬂi / Y becomes nearly 0.5 .

The distribution of the mean temperature in OC along the flame axis shows, that the
temperature maximum lies between x/d = 110 and x/d = 120, At these points the reaction
zone reaches the axis. The temperature fluctuations have a constant value up to x/d = 60
and then they increase sharply. They reach the maximum at a location where the mean
temperature is already decreasing. The occurence of the maximum fluctuation outside the
reaction zone is also observed in radial profiles. This results from the fact that the
combustion air reacts very quickly with the gas in the reaction zone. Outside this zone
eddies of cold air and hot gas can exist side by side so that high fluctuations of
temperature are found. The increasing fluctuations and the higher mean temperatures in
the range from x/4 = 80 to x/d = 110 indicate that the reaction takes place intermittently
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on the axis.

The correlation coefficlient R of fluctuating temperature and velocity is nearly con-
stant and positive up to the reaction zone. The value of R passes through zero inside the
main reaction zone and becomes negative further downstream. This behaviour is also ob-
served in the radial profiles.

Pig. 5 shows the radial profiles of the various measured values at x/d = 60 in the
dimengionless scale y/d. In addition to the guantities on the axis the mean radial velo-
city v and the shear stress termu v’ are represented. The quantities of velocity are
normalized with the mean velocity on the axis with the exception of the fluctuating values.

The shear stress term u'v’ has its maximum at the point »f the steepest gradient of
the mean velocity u, where the fluctuating velocities in axial and radial direction are
also largest. The profile of the mean temperature T ranges from 10509C on the axis to
1400°C in the reaction zone. The temperature fluctuations increase up to a point sharply
after the reaction zone.

The correlation R of fluctuating velocity and temperature is similar to that on the
axis. From the middle of the flame outwards the coefficients are positive, pass zero in
the reaction zone and then become negative. A check was made as to whether this change of
sign was influenced by the seeding system of the LDA. The particles supplied to the jet
represent gas and those for the combustion air represent air. Different methods of seed-
ing (particles only in the gas stream or only in the combustion air), however, did not
change the behaviour of the coefficients. The negative coefficient indicates that quickly
moving eddies occur with low temperature and slow eddies with high temperature. Between
the middle of the flame and the reaction zone temperature and velocity fluctuaticns are
in phase.

The measurement of u T° indicates that the up correlation (velocity-density fluctua-
tion) must have the same behaviour with reversed tendency in the sign, because temperature
and density are inversely proportional. Measurements of the velocity and concentration
correlation (u ¢ ) should give the reversed tendency.

7. CONCLUSION

The application of LDA and compensated thermocouple in flames allow local turbulent
properties of the reacting flow to be studied. In particular, the temperature measurement
and the correlation velocity-temperature fluctuation give information about the density.
The results of the measurements of the flow and temperature field give insight into the
relationship of reaction and fluid mechanics.
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9. CAPTIONS

Fig. 1: Experimental apparatus S
Pig. 2: Step function of a 1st order lag.

Fig. 3: Pulsed heated thermocouple.

Fig. 4: Axial distribution of velocity, temperature and correlation coefficient R.

Fig. 55 Radial distribution of velocity temperature and correlation coefficient R
at x/d = 60.
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DISCUSSION

J.H Whitelaw. UK
(1) The .orrelation of discontinuous and continuous signals, each with significant uncertainties. may result 1n
errors Would you please give an estimate of the error bounds associated with your correlation measurements’

2y Did you try to measure v’ T'?

Author’s Reply
(1) Comparing the data measured at the same point in the flow. we estimate the error of the correlation coefficient
to be within 107 of the measured value.

{2) At the moment we are not able to measure v' T’ with our experimental equipment.

F.C.Gouldin, US
My questions concern the correction of laser velocimetry data for seeding and velocity bias. First. | notice from
your paper that at least the axial velocity data are corrected for velocity bias by weighting the velocity with the
reciprocal of the velocity magnitude. Were radial veiocity data corrected in a similar manner and. if s0. was the
reciprocal of the radial velocity magnitude used as the weighting factor?

Secondly. have you considered the influence of seeding particle density bias on your results? In particular | am
concerned that your velocity data, corrected for velocity bias, are in fact density weighted due to seeding bias.

Author’s Reply
(1) For the radial components we measured the PDF’s in three directions (described in the paper). Each PDF was
weighted; so the radial velocity is weighted too.

(2) 1did not consider the seeding bias errors, but the velocity bias error. [ think we do not need to correct for
the seed density, because for our measurement a continuous (time resolved) signal was not necessary.




VELOCITY AND TURBULENCE MEASUPREMENTS IN TURBULENT FLAMES USING THE L2F TECHNICUE

by

H. Eickhoff and R. Schodl

DFVLR-Instituyt fidr Antriebstechnik
Linder H&he, 5 K&ln 90, W. Germany

SUMMARY

For measuring the flow properties within turbulent diffusion flames a L2F-veloci-

meter was applied.

Considering the problem of seeding, some basic investigations were carried out with-
in a round free jet. The optically measured mean velocity and turbulence intensities were
compared with pitot-tube and hot wire data respectively. The results which are presented
and discussed indicate the capability of the L2F velocimeter when it is applied to hignly
turbulent flows. Mean velocity and turbulence have been measured in hydrogen-air and pro-
pane-air diffusion flames under different initial conditions. The results are discussed
with regard to the influence of compbustion on the turbulent flow field.

1. INTRODUCTION

Combustion influences the turbulent flow field and the interaction between chemical
reactions and fluid mechanics is quite complex. There has been made much progress in the
development of turbulence models to predict non reacting turbulent flows which now are
applied to flows with combustion also. These models containing more or less empirical
input reed further experimental verification and control, respectively. By the laser
technigue velocity and turbulence measurements became possible without disturbing the
flame and the laser-Doppler-technigque has been applied to some diffusion flames.

For the present investigation a different techninue, the Laser-Two-Focus (L2F)-method in
a comparative study of a series of propane- and hydrogen-flames was applied to investi-
gate the influence of combustion on the turbulent flow field under a variety of diffe-
rent conditions.

2. MEASURING METHOD

The experimental flow studies within turbulent diffusion flames were carried out by
using a Laser-Two-Focus velocimeter that is available in the institute. Although this
technique has been originally developed for flow investigations within high speed turbo-
machine rotors it also operates very satisfactorily in turbulent flames.

2.1 Description of the L2F-technique

[TV

The worse test conditions in turbomachines (backscatter mode, high flow velocities,
flow unsteadyness, narrow blade channels associated with strong background radiation
etc.) initiated in 1972 the development of the Laser-Two-Focus-velocimeter (L2F).

This method - the basic idea was originally proposed by Tanner [1] for the application in
low turbulent flows - is quite different from the well-known Doppler velocimeter insofar
that the fringe pattern within the probe volume is substituted by two discrete parallel
light beams forming a light gate and allowing to concentrate the available laser light to
very high intensity in the probe volume which leads to favourable signal-to-noise ratios
even in worse background radiation situations as in turbomachines.

In order to enable velocity measurements also in highly turbulent flows new optics
ard a new data processing system have been developed. As a result a very compact appara-
tus (Fig.1) is now available which is easy to handle and which allows to change the mea-
suring point without any readjustment of the optical parts. ,

The details within the L2F-probe volume are shown in Fig.2. Due to focusing both
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beams have a converging-diverging cross-sect:on with a minimum beam diarmeter 2f ' <o

15 .m. The distance between the beams is fixed to about (.4 mm, whereas the lenjin -f tne
probe volume along the optical axis is limited to ¢ 0.5 mm from tne fcocal piane. A parti-
cle passing through both the light beams emits two successive scattered i1ijht puises, =ne
time interval of which corresponds to the flow velocity perpendicular to the optizal
axis. The occurrence of those "relevant”™ double pulses regquires however that the p.ane 2°¢
the laser beams is parallel to the flow direction which consequently can be determinel by

turning the plane.

The details of the L2F concept are jillustrated in Fig.3. The center of a polariza-
tion (Rochon) prism used to split the injitial laser beam is located at the focal point of
the following lens L,. Thus, the beam axes leave the lens parallel to each other while
the beams themselves are highly focused at the second focal plane of L1 as shown 1n de-
tail “A". With the help of lens system L2
lume; its distance to the optical device can be adjusted to the actual test environment

the "light-gate” is forwarded to the probe vo-

by applying lens systems L2 of various focal length. The useful back-scattered light
emitted by particles passing through the probe volume is gathered also by lens system LZ
in a confocal way and deflected at the perforated mirror to the microscope optics, which
- together with the succeeding dual hole aperture - allows each photomultiplier to be
adjusted to one laser beam in the probe volume. Furthermore microscope and aperture mi-
nimize the background radiation such that measurements close to walls (~ 0.5 mm) become
possible. The setting angle a (Fig.2) of the laser beams' plane is varied by rotating the
beam splitter (Rochon prism). Flight-time measurement and signal processing are performed

with modern electronics of high time-response, operating in a start/stop mode.

In laminar flows only a few measurements are needed to evaluate the velocity vector.
Tur>ulent flows, however, require a considerably larger number of individual measurements.
In order to analyse turbulent flows adequately, it is expedient to adjust the setting
angle a in 8 - 10 steps around the mean flow direction and to take up to 1 000 measure-
ments at each angle step. The collected data are stored and classified along the time
axis by means of a multichannel-analyzer (probability density distributions).

Fig.4 shows an oscillogram containing various probability density distributions
corresponding to different angles a with respect to the mean flow direction. The x-axis
represents the transit time of the particles between the two beams. The quantity of each
time~-measurement is arranged along the ordinate. Each distribution represents the same
number of measuring events. The probability that a particle travelling along with the
flow will be irradiated by both laser beams is maximum at the angle position a = 0° corres-
ponding to the mean flow direction. The peak of the distribution curve determines the
mean velocity, whereas the width of the curve near the baseline indicates the maximum ve-
locity fluctuations. As a increases the probability of particle irradiation by both laser
beams decreases rapidly and is - in this case - at a = 1.5° practically nonexistent. Ne-
gative values of o yield the same results. A combination of all data leads to a two di-

-1) and

mensional probability density distribution depending on time difference (velocity
angle (setting angle a, see Fig.5) which allow to calculate the mean flow vector (di-
rection and magnitude), the turbulence intensities (in different directions), the Reynold's
shear stresses, the skewness~factors, etc. More details on the technique are given in

ref.[2]) and [3].

2,2 Measurements within a round free jet

To ensure the applicability of the L2F velocimeter to highly turbulent flows some
basic investigations were carried out within a round turbulent free jet.

The nozzle had a diameter of 10 mm and was the same as it was employed to the diffu- k!
sion flames. The test flow was generated by a small centrifugal compressor that sucked
the air from the environmental laboratory. By this way the free jet air as wall as the
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angle variations was used to measure the mean velocity. The data were corrested oy <ne

Goldstein formula considering the local turbulence intensities. The axial

tensities were measured by a hot wire. This measurements were supported by the DFVLK-
Abteilung fiir Turbulenzforschung, Berlin.

In Fig.6 the mean velocity profile measured on the axis of the free jet and the ra-
dial turbulence intensities are plotted against x/d {(x represents the distance of the
measuring point from the nozzle outlet, d the diameter of the nozzle). - The optically
measured axial mean velocities u which are referred tc the mean velocity ﬁo at nozzle
exit (open circle symbols) agree within an error smaller than 1! % with the corrected
pitot probe data (solid line). The reproductivity of both data was within the same range
(W, = 90 m/s, Re = 6-10%).

The radial turbulence intensities were only optically measured (triangles in Fig.6}).
The range of uncertainty which increases with flow turbulence is indicated in the dia-
gram. When comparing these data with the axial turbulence intensities (see Eig;Z) the
flow turbulence is found to be rather isotropic up to x/d = 10. At higher values of x/d
the radial turbulence intensity is always lower than the axial one as it is well known
from other free jet measurements. The agreement of the optically measured turbulence in-
tensities with the hot wire data (see Fig.7) is also very good except the deviations at
higher turbulence intensities.

As it is shown by these results the L2F velocimeter is an instrument appropriate for
performing measurements within turbulent flows. This, however, in true as far as the
turbulence intensity does not exceed 35 %. Beyond that limit a considerable portion
of the statistically fluctuating velocities approach sero which can not be measured
by the L2F-~technique. In this case a Laser Doppler velocimeter with frequency shifting
is recommandable.

3. FLAME MEASUREMENTS

3.1 Experimental Arrangement and Conditions

The measurements were performed with an argon ion laser at 100 mW power and 5145 !
wave length. The experimental test rig is shown in Fig.9. The L2F-system was fixed and
the axial position of the measuring point was varied by moving the burner along the axis
of the working section.

Measurements have been performed with propane and hydrogen as the fuel, respectively,
The central fuel jet issuing from a contured nozzle was seeded with SLOZ-partxcles. Ini-
tial conditions of the different flames investigated are listed in table 1. The maximum
external air velocity was 1 m/s.
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Flame No. uo[s; O2 Flame No. uo{E‘
54 ‘02 5 115
2 54 - 6 195
3 40 ‘02 H2 - jet 195
4 40 -
aj} propane, d = 10 mm b) hydrogen, d = 5 mm

In order to get propane-flames burning stable at the nozzle exit a small amount of
oxygen was added through a concentric nozzle as shown in Fig.9A. Flames No.2 and 4,
Table la, without oxygen addition are lifted with ignition taking place at about
x/d = 20. Furthermore hydrogen-flames at two different nozzle - exit velocities u, = 115
and 195 m/sec burning stable at x/d = 0 were investigated together with a non burning
hydrogen jet, Table 1b.

When optical velocimeters are applied to diffusion flames the problem of seeding must
be considered because artificial seeding is required which must be resistant to the high
temperatures. It is difficult to ensure an equal seeding rate of the internal nozzle flow
and of the surrounding air; it is much easier to seed only the internal flow, that, how-
ever, will probably lead to biased measurements.

In order to estimate experimentally these errors which have been discussed by Glass
and Bilger (5] free jet tests were performed with an alternate seeding of the internal
nozzle flow and of the environmental air. The various results of these measurements are
shown ir. Fig.8. In comparison to the pitot probe data the optically measured velocities
turn out to be somewhat higher in the case of internal nozzle flow seeding and lower in
the case of only seeding the environmental air. The influence of the different seeding
on the turbulence intensities is opposite compared to the hot wire data.

As the experimental arrangement for the flame measurements did not allow uniform seeding,
the cold flow investigations of the seeding bias effect may be taken as an indication of
the possible error of a few percents with central seeding only.

3.2 Results and Discussion of Turbulence Measurements

In Fig.10 the centreline axial turbulence intensity and velocity for two propane
flames (No. 1 and No.2) with the same nozzle exit velocity of u, = 54 m/sec are shown.
Flame No.1, burning at x/d = 0 by oxygen stabilization has a lower turbulence intensity
up to x/d = 40 compared to flame No.2 which is lifted up to about x/d = 20. With the on~-
set of combustion in flame No.2 the turbulence intensity decreases and downstream is
even lower than in flame No.2. This is due to different reasons among which the buoyancy
is an important one; the influence of buoyancy on the propane flames can alsoc be seen
from Fig.13 where the axial velocities on the centreline are shown.

Although the turbulence intensities in the two flames are very different, the dashed
lines in Fig.10 indicate nearly the same maximum turbulence velocities of about 5 m/sec.
In the next Fig.11 centreline axial turbulence intensities of all four propane flames
are compared to the turbulence intensity in an air jet.

Radial profiles at x/d = 15 of the local axial turbulence intensity and velocity of
flame No.1 and flame No.2 which at this axial position is a non burning propane jet are
compared in Fig.12. Due to the smaller width of the flame (No.1}, the turbulence inten-
sity increases more rapidly in radial direction. In contrast to the behaviour of non




)
T e

reacting turbulent jets the fluctuating velocity strongly increases in raiia.

directuion and has a maximum value of about twice that on the centreli..e.

Mean axial wvelocities on the centreline of a H2-;et and of a Hz-flame, Nc.é, are
compared to those of propane flames No.1 - 4 in Fig.13. The more rapid spreading of the
Hz-Jet and Hz-flame becomes obvious. There is nearly no decrease of axial veloccity in the
propane flames up to x/d = 15,

In the next Fig.14 the centreline axial turbulence intensities in the two Hz-flames NG

5 and 6 being not very different from each other are compared tc the turbulence intensi-
ties in the two propane flames No.1 and 3, which are not lifted.

The turbulence intensities in the hydrogen flames being much larger over the whole x,/d-
range than in the propane flames are at the first ten nozzle diameters even larger than

in the air jet, Fig.15. But if comparing these results, the Reynolds-number dependence of
(577)1/2/u in turbulent jets has to be considered also. The upper curve representing the
non burning Hz—jet indicates only a slightly higher turbulence intensity compared to the

Hz-flame.

3.3 Flow Vizualisation

Comparing the results of the measurements in the propane- and hydrogen-flames the
largest differences are observed within the region of developing turbulence.
Although no quantitative results could be expected a series of Schlieren pictures had
been made in order to study the structure of the flow in the initial regions of the

flames.

Figures 16, a - c show pictures of propane diffusion flames at different nozzle exit

velocities, the nozzle diameter being 5 mm. Flames a and b, Fig.16, are burning stable at
the nozzle exit without Oz-addition, flame c is stabilized by oxygen. The light part of
nearly cylindrical shape inside indicates the reacting interface and the onset of inner
instability of the laminar shear layer can be observed at about x/d = 2-3. Detailed in-
vestigations of the stability of the laminar shear layer in some turbulent diffusion
flames have been performed by Recknagel [6]. Michalke [7] has studied theoretically the
influence of variable density on the stability of a laminar shear layer.

The outer dark region indicates the preheat zone and it seems that there is no
strong interaction between this flow regime and the inner jet, the non reacting inter-
face of low density separating both regions. This becomes cbvious also from the onset of
ring vortices in the preheat zone far downstream.

Fig.16.b shows a similar situation with the onset of inner instability nearer to the
nozzle and a less orderly structure of the flow. Extensive measurements in the initial
region of propane diffusion flames at low velocities have been performed by Yule and
Chigier [8] and the coherent structure of the flow field has been discussed in detail.
From Fig.16.c the onset of fully turbulent {low downstream at x/d = 15 - 20 can be seen,
the vortical structure near the nozzle being caused by the oxygen flow.

Figqures 17.4 - { indicate the different behaviour of hydrogen flames. Beginning with

an orderly structure of ring vortices in the preheat zone the flow becomes fully turbulent
near the nozzle. Up to the onset of turbulent flow the reacting interface of nearly cy-
lindrical shape can be identified inside the preheat zone. A similar structure as in

non reacting plane shear flows (9] with regard to longitudinal streaks (Fig.17, g and h)
can be obgerved. From the Schlieren pictures it becomes obvious also that the hydrogen
diffusion flames which have been investigated by the L2F method are fully turbulent imme-
diately behind the nozzle. Detailed measurements in a hydrogen-diffusion-flame which haad

a regular structure of ring vortices up to x/d = 20 have been made by Altgeld [10].
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4. CONCLUSIONS

As it was proved by free jet tests the L2F-velocimeter operates very satisfactorily
and no additional problems arised when it was applied to turbulent diffusion flames. Al-
though cnly the internal nozzle flow was seeded the resultant measuring errors were found
to be rather small.

Concerning the turbulence in diffusion flames several influences of combustion can
be identified. The region of developing turbulence is strongly influenced if the density
in the initial region is remarkably changed by combustion. Vartable density influences the
stability of a free shear layer [6, 7] and similarly it acts on the development of tur-
bulence.
Heat release by combustion may have a damping effect on the turbulence as can be con-
cluded from the measurements in those propane flames with ignition taking place down-
stream at about x/d = 20. This was pointed out also by Bray [1'], who discussed the tur-
bulence energy equation for variable density flows. Furthermore buoyancy has an damping
influence on the turbulence intensity.

Concerning the capability of turbulence models to predict diffusion flames the pre-
sent experimental results explain the fact that turbulent hydrogen diffusion flames
reasonably well can be predicted by the k-e-model [12], which has been extensively tested
for constant density flows. With regard to hydrocarbon flames the flow field is strongly
influenced by the region of developing turbulence and this is out of the scope of the
k-e-model. However, the influence of variable density on the turbulent mixing process
partially can be accounted for by a density dependent term in the shear stress ex-
pression [13].
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DISCUSSION

G.Kappler, Ge
(1) Did you have to seed your flame or was seeding only necessary in order to reduce measuring time?

(2) Could you comment on the application of the L2F method for measurements in a real combustor primary
zone? Will the seeds really follow the highly turbulent flow with sharp and sudden changes of flow direction”

Author's Reply
(1) In flames seeding is absolutely necessary.

(2) The L2F techmque can be applied to every turbulent flow if the level of turbulence does not exceed a value of
about 357%.

It is a basic problem how far particles exactly follow a highly turbulent flow. Shock-experiments have been
performed indicating that small particles follow rapid changes.

J . H.Whitelaw, UK
(1) Over a number of years, the turbulence intensity in a fully developed jet seems to have decreased to an
accepted level of around 257 . Your results show 22.5%. Can you explain this further reduction?

(2) The influence of seeding is known to be negligible on the centre line but significant at large radii.

(3) A comparison between a mixing layer, such as that of Brown and Roshko. and a jet should be undertaken with
great care. In the two dimensional mixing layer, the structure is also two dimensional and is destroyed by small
amounts of turbulence in either of the free stream flows.

Author’s Reply
(1) Obviously the level of turbulence depends on the measuring technique. It is difficult to give a conclusive
answer.

(2) Our comparison shows quantitative data concerning the influence of seeding on the axis. It is true that with
increasing radii the outer flow must be secded also.

(3) The comparison was made based on short-time Schlieren pictures not shown in the written report. Of course
such a comparison must be made carefully. The main difference seems to be not the fact that we have a flow
of rotational symmetry, but that there is a flame which has a decoupling effect, separating an inner flow with
high frequency vortices and an outer flow of low frequency vortices. The different stages of developing
turbulence, including orderly structures, are very similar to those in a plane shear layer.

M.Ballarin, Fr
Can you compare approximately the time necessary to do measurements in flows where the levels of turbulence are
respectively 10% and 30%?

Author’s Reply
I cannot give exact values, but with higher levels of turbulence the measuring time increases rapidly.

W.G.Alwang, US
Is it possible with the L2F to measure velocity cross correlations and velocity-temperature cross correlations?

Author’s Reply
[ don't know whether it is possible to measure velocity-temperature cross correlations, I did not consider this point.
I don’t see that it could be possible; but it is possible of course to measure velocity cross correlations.

[
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SUMMARY

In many applications there exists a velocity lag between droplets and a surroundirs
gas. The measurement of gas velocity must therefore be performed separateiy “rom trne
measuremant of droplet velocity. This is the objective of a technique implemented in
order to measure gas velocity in the presence of droplets. A laser velocimeter adjusted
for reference beam mode has been used in a water spray. Satisfactory results are obtaired
and it is snown that, providing the gas flow is correctly seeded with small particles a
velocity measurement of gas velocity is yielded even with a large number 0¢ droplets.

1.  INTRODUCTION

Spraying of liquids is encountered in a wide range of applications such as cyclone
separators, dryers, humidification towers, combustors. In most cases the sprayinn mecn-
anism involves a mixing and entrainment of gas. Numerica)l models of this process have
been developed and there is a need for experimental! validation in order to qualify these
models. For more than eight years it has been possible to measure the velocity of drop-
lets using a laser doppler velocimeter. Other means have been used in the past al} based
on photographic techniques. These techniques involved tedius data reductions and the
laser doppler velocimeter appeared as an important improvement. The investiqations in
spraying processes have now advanced such that the measurement of the velocity of drop-
lete is no more sufficient. Since a considerable velocity lag exists between droplets
and gas entrained, it is necessary to make available an instrument that measures the qgas
velocity in the presence of droplets. Since optical techniques appear to be the most
convenient ones, it was a logical step to adapt the laser doppler velocimeter to gas velo-
city in the presence of droplets.

2. STATEMENT OF THE PROBLEM

The problem of measurement of gas entrainment is best illustrated by the laser photo-
graph of figure 1. Smoke is visuvalizing the gas streamlines while the droplets are clearly
visible. Gas is entrained perpendicular to the edge of the spray and is then directly
turned downward. However, the gas does not follow the droplet trajectories. In this pic-
ture, droplets are made fluorescent with a suitable dye. O0il smoke is the tracer for the
gas. [f a standard laser velocimeter, adjusted for gas measurement is used, signals are
yielded by the scattering of light by 0il smoke particles but also by laser droplets. It
is therefore very difficult to discriminate between smoke and droplets.

Because of the framework in which the present investigation has been performed, indus-
trial water spray nozzles such as the one shown on figure 2 have been used. The nozzle
shown produces a full cone spray of coarse droplets : mean drop diameter is ranging from
0.1 mm to 1 mm. Since particles suitable for seeding are in the range of .1 to 1 x 10-% mm
we have to solve a problem of measurement of the velocity of two very different particle
sizes and thus of two very different ranges of scattering levels.

3. MEASUREMENT TECHNIQUE

3.1 Principles

Laser doppler velocimetry has now become a well known technique and is widely used.
Most applications are based on the use of the crossed beam mode in which the measurement
volume is obtained by the intersection of two laser beams of equal intensity. This mode
is aitso sometimes called fringe mode (Ref. 1). 1In this configuration, receiving optic
unit may be placed anywhere in space.

Another technique used more often in water flows (Ref. 2) is the reference beam mode.
Figure 3 11lustrates the basic principle of this mode. In this configuration, the photode-
tector is aligned with one of the two beams which is of much lower intensity than the
other one.

If a very small particle crosses the crossover region of the two beams, it scatters
1ight from the intense beam 2 in all directions and in particular to the photodetector.
The latter is also aligned with the reference beam and an heterodyning process occurs
between scattered radiation and reference beam thus providin? doppler difference. The
performance of such a system can only be retained if the following conditions are fulfilled:
- proper matching between reference beam and scattering light level;
- alignement of photodetector with respect to the reference beam;
- reference beam must not be obstructed by scattering particies.

The last requirement impiies that doppler signals of significant quality are only
obtained with small particles.

It has already been shown that the crossed beam mode is perfectly suited to the
measurement of the velocity of large particles. The suitable optical arrangements are
described in references 3 and 4,




Because of the last requirement for good performances of reference beam mode, trig
arrangement appears to be very poorly adapted to large particle measurement. "ris disad-
vantage mignt be taken to the advantage of the measurement of small particles since it
will only respond to the small tracers entrained by the gas. Although a large amount of
lignt might reach tne phatodetector wnen a large particle crosses tnhe probe vi),me, *re
doppler component of the signal will only be very waak if existent

We can therefore adapt a2 laser doppler velocimeter to the task of measyrirg eitrer
droplet velocity [crossed beam) or gas velocity (reference beam). Such a metnad nas al-
ready been used in two phase gas/liquid flows where both ligquid and bubble velocit, nad

to be measured. An example of such development is shown in reference 2.

3.2 Practical arrangement

The practical arrangement used for the implementatin of the present reference beam
technique is shown at figure 4. The laser {s a HeNe of 15 mW, the illuminating optic
unit is detailed on figure 5. Neutra) density filters are uysed in order to adjust the
intensity level of the reference beam. In the present case, the diameter of the prode
volume is of the order of 0.15 mm.

Behind the photomultiplier, the electronic chain is essentially made out af a period
counter (VKI DO 78-3A). An oscilloscope is used to monitor the signal yielded vy tne
photomultiplier. The ratio between the intensity of the reference beam and tne main pne
is of the order of 1 to 1000. This ratio is to be carefully adjusted for aptimum signa’
to noise ratio.

An oil smoke generator is used in order to provide scattering tracers. The smcre i<
injected in a chamber installed above the spray nozzle with an outlet surrounding it.
This ensures that a proper seeding is obtained.

The nozzle is installed in a special facility provided with pumps, metering ynits and
water collector. Illuminating and receiving optic units are installed at about 1.5 meter
apart and each of them is protected against water droplets.

3.3 Application of the measurement technique

The working principle of the measurement technique is best illustrated by the oscil-
loscope traces shown on figure 6. The bottom trace is the signal yielded by the photo-
detector. Each negative peak corresponds to the passage of a large drop in the reference
beam. The upper trace is the corresponding filtered signal as shown after amplification.
This is the dopplercomponent of the bottom signal. The comparison between upper and lower
traces clearly shows that to each passage of a drop corresponds an absence of doppler com-
ponent. This figure demonstrates that the system actually works correctly : large drops
do obstruct reference beam and therefore cancel out doppler signals. It can therefo e
be concluded that the velocity measured will be that of gas tracers and not that of the
large drops.

A verification of the correct behaviour of the system is made by comparing the number
of signals yielded by the doppler processor with and without smoke. With a proper trigger
level adjustment, the ratio between these numbers is larger than 50. Even when the measure-
ments are perfarmed without external seeding a certain number of signals are still pro-
cessed. Tney correspond to smaller droplets, always presetrt in a spray and to very few
drops which cross the probe volume at its outside boundary. In actual measurement these
spurious measurements only account for less than 1% error.

3.4 Limitations of the technique

Although, the use of reference beam mode allows a proper measurement of qas velocity
in the presence of droplets, this technique has its limitations. The reference beam is
abstructed by 311 drops which are crossing it and which are of sufficiently larqge diameter.
This means tnat not only those droplets crossing the probe volume will cause a drop in the
signal, but also those which are crossing it along the whole length, Fortunately, the
reference beam has its minimum diameter at the probe volume and rapidly diverges. This
limits the length over which the droplets are completely obstructing the beam. However,
when the concentration of droplets increases, there is always more than one droplet at a
time crossing the reference beam. This causes the system to be saturated, no proper
measurement can be taken anymore. This type of limitation is illustrated at figure 7.

The bottom trace shows the signal yielded by the photomultipliers : individual passage of
droplets can hardly be detected. With a higher concentration, the signal becomes essen-
tially made out of noise.

Another Timitation of the method lies in the relative size of probe volume compared
to droplet diameter. For the technique to work at its optimum, droplets should be much
targer than probe voiume.

These two limitations could be overcome by using a beam expander between the laser
and the illuminating optic unit : this would result in a reference beam of larqger diameter
almost everywhere but the probe volume which would be considerably reduced in size. Such
an improvement has still to be tested.

4. EXAMPLES OF MEASUREMENT

Measurements of both droplet and gas velocities have been performed in an industrial
water spray. DOroplet velocity measurement is usually made with a crossed beam arrangement
whereas reference beam mode is used for gas velocity (smoke tracers). Velocities measured
in a spray at a distance of 500 mm from the nozzle orifice and 100 mm from the centerline
is presented at figure 8 for different water flow rates. As expected, entrained gas velo-
city is always lower than droptet one. Both velocitie: increase with water flow rate.




Further measurements are presented in figure 9. The upper graph represents tre ve'o-
city of droplets. Velocity of gas is ~n0own on the lower one. The measurements rave Seer
made at trree different locations. The results obtained are in good agreement witr expec-
ted trends. gas and droplet velocities are decreasing with increasing distarce from rozz’e
Centerline velocities are also higher than velocities measured along the transversa’
direction.

During tnese qualification measurements, it was found that a relfable resuit cou’t
only pe obtained after careful adjustment of the optical set-up and proper turing of tre
dcppler processor. Most sensitive parameters are the ratio of light intensity betweer
raference neam and main one and trigger leve)l adjustment on the processor. Thts system
allows a discrimination between noise and signal which is critical at high flow rates.
Finaliy, seeding level of the gas must be constant and 3 rather high concent-ation of
tracers 15 reauired.

5. +HRTWER 0F (ELOPMENTS AND RECOMMENDATIONS

The present measurement technique has been implemented using already existirn equip-
ment. (orsiderable improvements in the range of operation and convenience of use would
ve obtained if a specialized optical arrangement is developed for this particular tecn-
nique. Botr illuminating and receiving units could be optimized : illuminating ones
srould include a beam expander and variable beam splitting ratio. Receiving one could de
optimized with otner kinds of photodetectors.

In tne processing chain, some tests have been made with a large particle detector
controlling an innibition of the processing. This device proved to improve the discrimi-
nation between tracers and larger droplets. Although this was not needed in the present
application, it could allow an extension of the range of operation for smaller dropiets.

6. CONCLUSION

A laser velocimeter of reference beam type has been used to measure gas velocity in
a water spray. Although the adjustment of the optical system is somewhat delicate, good
results have teen obtained. Examples of measurement are shown and demonstrate the use-
fulness of such a technique. Limitations in the range of operation have been found but
modifications that would improve this range are suggested. The overall results obtained
here represented a strong encouragement to further develop the application of reference
beam modes in two phase flows.
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METHODES DE MESURE A COURT TEMPS DE REPONSE POUR LA DETERMINATION
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SOMMAIRF
Un appareil optinque utilisant une méthode d'émissicn et ahscrrsisn simtitanées on [afrav e --r
la mesure des températures instantanfées de gaz et des sondes de pressi-n 1'arrdr 3 --urt rempe de -

pour mesurer le taux de turbulence ont été développés pour caractériser P'aspe~t insratirnnaire ‘e
ments & température élevée,

Ces deux techniques expérimentales sont présentées et les résultats obtenus sur des écrulemen’s
turbulents chauds sont analysés et comparés avec les indications plus clagsiques de la vélacimétrie laser.
L'extension de ces techniques de mesure i l'obtention de spectres de turbulence et i la détermination de
1'échelle intégrale par la méthode optique des faisceaux croisés est également examinée.

SUMMARY

An optical device using an infrared simultanecus emission and absorption method for measuremerts
of instantaneous gas temperatures, and total pressure probes with a short response time in order to measure
the turbulence level have been developed to characterize the unsteadiness of high temperature flows.

These two experimental techniques are described and the results obtained on hot turbulent flows
are analyzed and compared with more classical indications given by laser velocimetry. The further applica-
tion of these techniques to obtain the turbulence spectra and to determine the integral scale by the opti-
cal method of crossed beams is also examined.

1 = INTRODUCTION

Dans les foyers de turbomachines la combustion s'accompagne de fluctuations des concentrations, de
la température et de la vitesse d'éjection des gaz. Ces fluctuations ont une influence sur le rendement et
sur les productions de polluants dans la chambre de combustion, mais aussi sur les conditions de transfert
thermique au niveau de la turbine. Cela a conduit 3 rechercher des méthodes appropriées de qualification de
1'agpect instationnaire des &coulements chauds et notamment de la température et de la vitesse.

Les méthodes classiques de détermination de la turbulence au moyen d'anémométres ou de thermométres
3 fil ou 4 film chaud ne peuvent plus &tre utilisées aux niveaux de température régnant 3 la sortie de la
chambre de combustion ou 3 l'entrée de la turbine. Les techniques d'avenir telles que 1'anémométrie laser
pour la mesure de vitesses ou la diffusion Raman anti-stoke cohérente pour la mesure des concentrations et

de la température sont de mise en ceuvre difficile et les conditions de leur utilisa-
tion ne sont pas toujours réunies. Aussi toute méthode, méme moins performante, mais susceptible de fournir
des indications sur le caractdre instationnaire de 1'écoulement est 3 retenir. C'est pourquoi 1'ONERA a dé-
veloppé des sondes de pression d'arrét 3 court temps de réponse pour caractériser de maniére indirecte les
fluctuations de vitesse et un appareil optique de mesure de la température des gaz utilisant une méthode
d'émission et absorption simultanée en infrarouge. Ces méthodes de mesure ne sont pas sans défaut : La pyro-
métrie infrarouge intégre les fluctuations de température le long du faisceau optique et la mesure de pres-
sion d'arrét est une méthode perturbatrice de 1'écoulement qui nécessite en outre la recherche d'une rela-
tion de correspondance pouvant exister entre .Jluctuations de pression et fluctuations de vitesse.

La description de ces deux techniques expérimentales est présentée et les résultats obtenus sur
des écoulements turbulents chauds analysés. En outre 1'utilisation sur ces mémes écoulements de la véloci-
métrie laser pour la mesure locale et instantanée de la vitesse permet de valider, 3 haute température, la
relation entre fluctuations de vitesse et de pression trouvée 2 température modérée par comparaison avec
les mesures effectuées au moyen de sondes 3 film chaud. L'extension de ces techniques de mesure 3 1'obtention
de spectres de turbulence et 2 la détermination de 1'&chelle in igrale par la méthode des faisceaux croisés
est également examinée.

2 - PRINCIPE DES DIFFERENTES METHODES DE MESURE DEVELOPPFES

2,1 - Mesures de pression instationnaire

Les mesures de pression nécessitent la mise en oeuvre de sondes refroidies comportant un &lément
sensible dont la protection contre 1'environnement 2 haute température dans des gaz souvent réactifs doit
&tre assurée. L'él1ément sensible est un capteur piezoélectrique ONERA, 20H47 ou 20H48, plus ou moins proté-
8¢ suivant la durée de vie prévue pour la sonde et la bande passante souhaitée.

Travail effectué sous contrats de la DRET (Direction des Recherches, Etudes et Techniques) o
de 1a SNECMA (Sté& Nationale d'Etudes et de Construction de Moteurs d'Aviation)
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La figure 'a montre le schéma <4 une sonde d'arrét de farme classique comportant ur -aptenr afflen-
rant. Une circulation d4'eau maintient ia structure de 1a sande A une température convenahle et ne protec-
tinn de la surface sensible est assurée au moyen d'un élastomére qui se rarbanise progressivement. !.a durée
de vie du capteur, variable avec les ronditions d'essais, est de !'ocrdre “e 10 minutes 3 1300 K snus o har,
l.a bande passante est trés élevée (300 kHz environ).

Dins le montage de la figure b le corps de la sonde est cviindrigque et le raptenr, frujsurs pro-
tégé par un élastomére, est placé au fond 4'une cavité face a4 1'écnulement et ses performances sant sembla
bles 3 relles de la précédente. Par contre dans la sonde cyiindrique de la figure Ic 'élément sencihle est
placé latéralement dans une cavité refroidie, Sa bande passante n'est plus que de !N xHz enviran majs a
durée de vie semble trds grande pour une température ne dépassant pas 1800 K,

Des études effectuées d température modérée ont montré que les fluctuations de pression d'arrée,
‘Pn.;, et les fluctuations de vitesse, Vbms, mesurées au moyen d'une sonde 3 film chaud, sont reliées par a
relation :

:ﬁrms - K V'"‘S

(1) (V’ v

oii 1'on peut prendre pour et Vv les valeurs moyennes de la masse volumique et de la vitesse.
P P P

L'analyse de ces mesures effectuées dans des conditions d'essais variées au moyen de divers types
de sondes montre que le coefficient K est de 1'ordre de 2. Une conclusion analogue est également propcsée
dans [l . Un bon recoupement entre les densités spectrales énergétiques des deux types de mesure est égale-
ment observé (figure 2).

La relation de proportionnalité entre les fluctuations de pression d'arrét et les fluctuations de
vitesse s'explique s'il est possible de négliger les fluctuatiors de pression statique. Fffectivement les
études de Batchelor [2] conduisent, dans le cas de la turbulence homogéne, A velier fluctuations de pression
statique et fluctuations de vitesse sous la forme 2

~
/'F Pms = 0,58 Ve

o~

Ce terme est évidemment généralement trés faible devant la fluctuation de pression d'arrét_ﬁms.

Ces conclusions laissent supposer que 1'effet d'intégration de la mesure par sonde est négligeable.
Ce résultat demande toutefois & etre confirmé par des essais effectués dans des écoulements variés afin de
préciser notamment 1'influence de 1'échelle de la turbulence.

2.2 - Mesures des températures de gaz instantanées

La méthode optique de mesure de température des gaz mise au point 3 1'ONERA pour les gaz & hautes
températures issus des moteurs fusée [ 3], et fonctionnant dans le visible, a été& adaptée, par transposition
Farjs 1'infrarouge, aux écoulements gazeux des bancs thermiques dont la température est beaucoup plus basse
4],

La méthode consiste 3 enregistrer simultanément, grdce & deux détecteurs, les signaux monochroma-
tiques provenant d'une part, d'une source de référence aprés traversée de la flamme et d'autre part, de la
flamme seule. La connaissance de la température de luminance monochromatique de la source permet alors de
calculer & chaque instant la température moyenne de la flamme ainsi que son facteur d'émission. Le temps de
réponse n'est 1imité que par la constante de temps des récepteurs et celle de 1'enregistrement des signaux.

L'application de cette méthode dans le visible, sur des flammes généralement transparentes dans
ce domaine spectral, nécessite 1'addition d'un sel de sodium qui augmente 1'émissivité de la flamme sur les
raies de résonance du sodium, L'intervalle spectral est alors imposé par un monochromateur et on utilise des
photomultiplicateurs dont le temps de réponse est de l'ordre de la microseconde. Les appareils ainsi équipés,
et maintenant commercialisés sous le nom de MT4, ont été utilisés dans de nombreuses applications sur des
flammes dont la température était comprise entre ! 400 K et 5 000 K.

La transposition dans 1'infrarouge permet, en utilisant 1'émission propre des gaz due soit 3 la
vapeur d'eau soit au gaz carbonigue, de s'affranchir de tout ensemencement. Les raies émises sont alors
suffisamment serrées pour admettre une faible résolution spectrale qui, jointe & 1'utilisation de détecteurs
3 1'antimoniure d'indium refroidis 2 1'azote liquide, permet la mesure de températures aussi basses que
600 K. L'intervalle spectral est imposé par un simple filtre interférentiel de largeur relative 4 Z, ce qui
simplifie considérablement 1'appareil.

Le schéma optique du dispositif qui permet de discriminer les signaux provenant de la source et
de la flamme est présenté figure 3, L'image de la source S est formée dans le plan C par la lentille L4. La
lentille L2 en reforme une irage dans le plan de la flamme. L'optique L3, qui supporte le diaphragme d'ouver-
ture, conjugue les plans images précédents sur le diaphragme de champ D. La lentille Lk permet le transport
de 1'image monochromatique, isolée par le monochromateur M, sur le miroir prismatique P qui la divise en deux
parties gensiblement &égales. GrB3ce aux lentilles LS une moitié de 1'énergie arrive sur un récepteur R4,
1'autre moitié sur un récepteur R2, Un couteau placé dans le pian C peut &tre déplacé de fagon a diviser
1'image exactement comme le miroir prismatique. L'un des récepteurs, par exemple R, ne regoit alors plus
aucune énergie provenant de la source, alors que le signal délivré par R4 n'a pas changé.

Si la flamme est homogéne en température les signaux Y4 et Y2 délivrés par R4 et R2 sont donnés

par les relations suivantes 3] :
Y=z K LATS(1-8) 4 K2L(ATe). &
Yoa K2LATe).€
Compte tenu des différences de sensibilité des détecteurs et des &tendues géométriques des fais-

ceaux incidents, les coefficients de proportionnalité K4 et K2 ne sont pas identiques mais il est toujours
possible de les égaler en jouant sur les &cages d'amplification.
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&€ est le facteur d'émission défini par : 1
EX =t -exp| - | KAz dx

oo (A, 1) est le coefficient d'émission monochromatique local égal au coefficient d'absorption 1'aprés la
loi de Kirchoff.

On remarquera que £ dépend de 1'épaisseur de la flame[.[.a connaissance de la luminance monochro-
matique de la source L(A,Tis ) permet alors de calculer & chaque instant, par la résolution de ce systéme
de deux équations, les inconnues L(X, Tr) et E(A) of LA, TF) est la luminance monochromatique du corps noir
3 la température de la flamme Jg. Un calculateur analogique permet d'effectuer ce calcul en temps réel. La
loi de Planck pour la longueur d'onde A permet ensuite de remonter 3 la température de la flamme.

Le calcul d'erreur montre que la précision de la mesure est d'autant plus grande :

- que l'on travaille au plus prés du point de renversement défini par 1'égalité des températures de la
flamme et de la source,
- et que le facteur d'émission de 1a flamme & est proche de 1'unité.

Cette précision peut €tre de 1'ordre du pourcent.

L'étude détaillée [6] du principe de mesure nous a permis de sculigner que la température mesurée
n'a de signification claire que si la température de la flamme est uniforme sur tout le volume gazeux tra-
versé par les faisceaux optiques et que la mesure intéresse tout ce volume. Malgré cela, lorsque toutes les
caractéristiques du milieu (concentrations, température) varient en tout point et & tout instant de fagon
aléatoire, on montre qu'il est possible de découpler les fluctuations de température et d'émissivité 3 condi-
tion que la turbulence soit statigtiquement homogéne et que les fluctuations d'émissivité soient de faible
amplitude vis-3a-vis de la valeur moyenne. Pour cela on se place sur une bande d'émission pour laquelle le
facteur d'émission est trés faible et on travaille au point de renversement défini par 1'égalité de la
température de la source et de la température moyenne de la flamme.

Dans ces conditions, et pour un faisceau optique trés étroit _en comparaison de 1'échelle intégrale
de la turbulence, on montre que les fluctuations du signal Y4, notées Y4 (1), sont données par 1'intégrale
sur le trajet optique des fluctuations de la luminance du corps noir Lg (Te (%,t)) 3 la température locale

de la flamme Te(x,t) ~ - ~
Ya tt) = KA.o(.J Lol Tern tildx

o

A est la valeur moyenne du coefficient d'émission, indépendant de X et de t puisque le milieu e~t supposé
statistiquement homogéne.

Si les fluctuations de température sont de suffisamment faible amplitude il est possible de liné-
ariser la loi de luminance L(T) au voisinage de la température moyennelp et obtenir ainsi 1'intégrale des
fluctuations de température sur le trajet optique : t

Yalt) = wa, xP. L/Te). 4 J T tx,€)dx
3 /T ¥

avec 20‘ = € le facteur d'émission moyen. 0

Cette relation peut encore s'écrire, en faisant apparaitre une température moyenne instantanée
équivalente L (t), de fluctuation fL (L), :

Yalt) = Ka. &L, 3L (T} /0
Y ) 4 Y 57 F /

fl(H = %J 'Fp (1,l‘)c4x
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avec,

\

Evidemment la mesure des fluctuations de température est affectée par 1'intégration sur le trajet
optique. On montre [6) que, lorsy la longueur d'intégration Y, est grande devant 1'échelle intégrale de ls
turbulence A , variance mesurée JI* et variance locale T* sont proportionnelles, Le rapport de proportion-
nalité est trouvé égal au rapport du double de 1'échelle int&grale 3 la longueur d'intégration :

A . 2A. T
T

L'effet d'intégration peut donc &tre tr2s important et il est nécessaire, pour remonter 3 la va-
riance locale, de déterminer 1'échelle intégrale.

2.3 - Mesure de 1'échellie intégrale

a) Faisceaux orthogonaux

Cette technique consiste 3 mesurer le nivesu de corrélation entre deux mesures optiques sur deux
trajets orthogonaux et progressivement &loignés 1'un de 1'autre comme le montre la figure 4. Les points A
et B délimitent la plus courte distance d des deux droites. Si 1'on découpe les deux trajets optiques en
intervallss de longueur 2.A. (en prenant A et B comme point milieu de 1'un des intervalles), chacune des
mesures Jiy et Si; est la moyenne des grandeurs indépendantes attachfes 3 chacun des £1&ments constituant
1'un des trajets optiques. On congoit que u%c luﬁoux intervalles incluant le point A ou B donneront une
contribution notable 3 la corrélation entre Ji, et f1; puisque la distance entre tous les points des autres
intervalles sera supérieure 3 1'8chelle intégrale A .

Si on appelle (d) 1a fonction de corrélation ainsi obtenue, on montre [b]qu'ellc est reliée
2 1a fonction de corréldtion 3 2 points dans la milieu R® par :
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[l(d) = 27 5’0 R/2) 2 42

Eq t; A
En particulier la corrélation en faisceaux croisés, pour d = O, est donnée par :
~T

[Moxz ‘LIIL T A

ot A est une échella intégrale différente de celle utilisée jusqu'ici et définie par :
e

AL _;_J Ri2) 2 48
T* Jo

|

La normalisation de F(d) parP(D) permet de définir la fonction sans dimension'? [CH

W P LA (TR e

dont 1'inversion donne :

= )2 )
Riz) - -2 75 N[ (4%
.b(dl) d-Z
On voit qu'il es: nécessaire pour obtenir R de tracer en fonction du paramétre d* et d'en

prendre la dérivée. La valeur de cette dérivée 3 1'origine permef de calculer A/ :

Jj(d') - A

- 3(41) JCO ) 2 'A',l

'
Enfin 1'intégration de cette fonction dérivée sur d permet d'obtenir une relation entre /\, et J\,
et donc de calculer_f\_:
oo

Aed [ Rigas = —2 A} 2749 54
¥ o A(4Y)

La méthode des faisceaux orthogonaux permet donc bien de déterminer 1'échelle intégrale ; elle
permet, mieux encore, d'obtenir la fonction de corrélarion 3 deux points, mais a pour inconvénient d'8tre
longue (il faut effectuer des mesures point par point) et assez peu précise (la fonction R s'obtient par
dérivation de la fonction?). Aussi on a recherché et om propose une mesure plus simple dérivBe de celle-ci.
Elle consiste 3 mesurer la’ corrélation normalisée en faisceaux croisés.

o

b) Corrélation normalisée en faisceaux croisés

Il est toujours difficile d'effectuer des mesures absolues et ceci est &galement vrai pour les
corrélations. Ce que donne lg trajtement numérique c'est la corrélation normalisée par les valeurs quadra-
tiques moyennes des mesuresJL etfl,. Or nous avons donné une expression de ces valeurs quadratiques moyen-
nes Y%

()" (T 2A)" (A" (7 2p

La corrélation en faisceaux croisés donnée par

o - 2 :[c_x 1R
p ) _t’ﬂt% A

Pl

devient aprés normalisation
Ik

€('°)- .E_(a_)__;__ v = .__T_r_._.. 'A'
(A~ )" Jul

’
Pour aller plus loin on admet que les deux &chelles intégrales A.et A sont voisines. C'est le cas
lorsque 1'on admet pour la fonction de corrélation R une loi exponentielle ; on a alors rigoureusement

N =~ A . Pour une gaussienne on trouve :
’
A [GAz08 A
M

Or ce sont deux cas extrémes correspondant 3 un nombre de Reynolds de turbulence soit trés grand
(cas de 1'exponentielle) soit tr2s faible (cas de la gaussienne) [5]. On admettra que pour les Reynolds
intermédiaires cette quasi-&galité tient encore. Dans ces conditiony 1s corrélation normalisée en faisceaux
croisés, jointe 2 la connaissance des longueurs d'intégration 1, et{,, permet de calculer 1'€chelle inté-

grale : A o (d) '_——&‘Q,‘
Tr
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Il est 3 remarquer que la méthode des faisceaux orthogonaux ne faisait pas intervenir les longueurs
d4'intégration. Les deux méthodes sont donc indépendantes. Dans les deux cas, les corrélsticns sont d'autant
plus faibles, donc difficiles 3 mesurer, que ce- longueurs sont grandes devant l'échelle intégraie.

¢) Influence de 1'épaisseur des faisceaux

Tous ces résultats supposent les faisceaux optiques infiniment étroirs, ce qui n'est pas physigque-
ment réalisable, “n =emtre [f] que 1l'intégration supplémentaire sur les dimensions transversales des fais-
ceaux apporte une contribution négligeable si 1'épaisseur des faisceaux,e,est petite devant 1'écheile inté-
grale A, Les termes correctifs sont en effet d'ordre (®/720)% et pour des faisceaux larges de ! mm et une
échelle intégrale d'environ | cm la précision des mesures est encore de | pour cent.

2,4 - Vélocimétrie laser

Le principe de cet appareil consiste 3 créer dans la zone d'intersection de deux faisceaux laser
de méme longueur d'onde (514,5 mm), un réseau de franges d'interférences optiques régulidrement espacées.
Le passige 3 travers cellegs-ci de particules diffusantes entrainées par le fluide donne naissance i une
success.on d'émissions lumineuses dont ls fréquence est proportionnelle 3 la vitesse des particules dans la
direction perpendiculaire aux franges. Si ces particules sont suffisamment petites, leur propre vitesse ins-
tantanée est trés sensiblement celle du fluide porteur, Pour des raisons de compatibilité avec la température
du fluide, le matériau retenu est une poudre ultra-fine de dioxyde de zirconium dont le diamétre caracté-
ristique est de 1'ordre du micron. Mises en suspension dans un jet d'air par un dispositif 3 double flux
tourbillonnaire, elles sont injectées dans la soufflerie, en amont du foyer.L'interfrange est de !7,. m et
le diamétre du volume de mesure d'environ 120’4m.

Les signaux lumineux captés par un télescope type Cassegrain sont successivement validés (pour
séparer grosses et petites particules) puis filtrés et mis en forme par un compteur-fréquencemétre. La ca~
dence d'acquisition de ce compteur est faible, inférieure 3 300 par seconde. Ce compteur est relié 3 un
ordinateur gérant 1'acquisition des données de la soufflerie. Lorsque le nombre de particules validées est
suffisant (I 000 particules au minimum) l'ordinateur calcule la vitesse moyenne et son écart type en Suppo-
sant la distribution gaussienne.

Les signaux captés et mis en mémoire dans l'ordinateur sont ensuite transférés sur une bande magné-
tique et mis en réserve pour un traitement ultérieur comme par exemple le calcul de la distribution des vi-
tesses (histogrammes).

Lorsqu'il s'agit d'obtenir des spectres de turbulence de vitesse d'é&coulement un compteur rapide
du type DISA, permettant 1'acquisition d'une mesure toutes les 10 microsecondes, est utilisé. Dans ces con-
ditions la limitation de la bande passante n'est plus due au compteur mais 2 1'insuffisance du flux en par-
ticules (plusieurs milliers de particules sont nécessaires par seconde). Bien entendu, la discrétisation du
signal pose un probléme de traitement., On le résoud facilement grBce 3 1'utilisation de la tension analogi-
que proportionnelle & la fréquence instantanée mesurée que délivre 1'appareil. Cette tension analogique
subsiste entre deux mesures successives si bien que le signal présente 1'allure de marches d'escalier qui
se rapprochent d'autant plus du signal réel que les mesures sont plus serrées. Ce signal est traité comme
un signal continu.

3 - EXEMPLES D'APPLICATIONS

3.1 ~ Mesure du taux de turbulence aérodynamique au moyen de sondes de pression d'arrét

Les taux de turbulence mesurés, d'une part au moyen d'une sonde de pression d'arrét A court temps
de réponse et d'autre part par vélocimétrie laser, ont été comparés lors de la caractérisation de 1'écoule-
ment issu d'une chambre de combustion industrielle. Les mesures ont &té effectuées 3 mi~hauteur de veine sur
un secteur angulaire de 1'ordre de 90°., La figure 5 résume les résultats obtenus. Un bon accord apparait
entre les indications des deux techniques de mesures utiligées, confirmant ainsi 3 haute température la re-
lation de correspondance entre fluctuations de pression d'arrét et de vitesse d'écoulement établie a partir
d'études sur des Ecoulements 3 température modérée.

Les variations azimutales du taux de turbulence observées sur la figure 5 sont liées 3 la géomé-
trie particuligre de la chambre de combustion expérimentée (présence des cannes de prévaporisation et des
orifices de dilution),

3.2 - Caractérisation des fluctuations de température et de vitesse d'&coulement dans un montage d'étude de
1a combustion turbulente

La méthode optique de mesure des fluctuations de température et la vélocimétrie laser ont &té ap-
pliquées 3 1'analyse de 1'écoulement dans un montage d'étude de la combustion turbulente.

Dans ce dispositif expérimental un &coulement prémélangé air-méthane est enflammé et la combustion
stabilisée par un écoulement parallile de gaz 2 haute température issus d'un foyer auxiliaire (figure 6).
La veine est bidimensionnelle, de section 100 x 100 mm, et la conduite d'arrivée des gaz de stabilisation
a pour hauteur 19 mm, La vitesse initiale moyenne de 1'écoulement frais est de 1'ordre de 55 m/s, la richesse
0,8, et la température 600 K. La vitesse moyenne des gaz chauds est d'environ 110 m/s et leur température
2 000 K.

L'installation d'essais n'étant pas refroidie, seuls sont possibles des essais de courte durée
(environ 30 s).

3.2,1 - Analyse de_la_turbulence thermigue

Les mesures de fluctuations de température par pyrométrie optique ont &t& limitées 3 1'exploration
d'un plan situé 2 42 sm du point de confluence des deux &coulements pour différentes distances A la paroi
inférieure : 10, 15, 20, 25, 30 et 45 mm. Ces points de mesure sont indiqués sur le schéma de la figure 6.
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Au contraire des gaz chads issus d'une combustion, les gaz frais contiennent trés pe: e gar
carbonique et de vapeur d'eau et les émissivités des uns et des autres sont trés différentes. Pour ies ra--
procher il a té nécessaire d’'introduire dans les gaz frais une faible proportion de gaz rarbonique et - 1ti-
liser la longueur d'onde 4,25 um pour laquelle ce gaz présente un maximum d'émission. A cette lonpuenr 4'cnde
le hublot de silice est opaque et le passage du faisceau infrarouge a été assuré grice i deux ~rif:ces de
8 mm de diamétre percés face 3 face dans les éléments mobiles des parois latérales. La translat. = de -es
parois permet le déplacement du point de mesure. Les essais ont été effectuds A richesse fgale 3 7,8 mais
aussi 3 richesse nulle, donc sane inflammation : on a alors simplement un mélange des deux écoulements Ade
températures différentes,

Les mesures instantanées sont enregistrées sur bande magnétique analogique, en vue de leur *raite-
ment en temps différé., La numérisation d'un essai de 30 secondes fournit ainsi 425 000 points de mesure,
soit un point toutes les 25 nus. Ces 625 000 points de mesure permettent de tracer avec précision les histn-
grammes relatifs 3 la température. Ce calcul s'effectue par valeurs discrétes de pas 10 K.

Les figures 7 et 8 présentent les histogrammes obtenus pour la richesse 0,8 et la richesse nulle
pour une exploration verticale. Les fluctuations sont importantes et fortement non gaussiennes, le nic de
gaz chauds s'estompant progressivement pour laisser place 3 un pic de plus en plus étroit vers les basses
températures. On en déduit les profils de température moyenne et lesg écarts types correspondants (figure
9). La différence est peu sensible entre les deux conditions d'essais ; cela tient sans doute au choix de
la section de mesure, encore trés proche du point de confluence des deux écoulements.

3.2.2 - Analyse des fluctuations de vitesse d'écoulement

Pendant les essais les mesures de vitesse instantanfe e;fectuées par vélocimétrie laser sont
enregistrées sur bande magnétique numérique en vue de leur analyse en temps différé.

Un programme de traitement permet de tracer les histogrammes dont un exemple est donné figure 10,
I1 correspond 3 la premidre section de mesure située 3 42 mm en aval de la confluence des deux &coulements.
On peut distinguer plusieurs formes d'histogrammes correspondant a diverses zones successives dans le foyer :

- Dans les gaz frais prés de la paroi supérieure du foyer, (Y = 90 mm), 1'histogramme présente un seul pic
centré 3 65 m/s et correspondant i 1'écoulement initial 3 55 m/s. La différence des vitesses s'explique
d'une part par une légére accélération de 1'écoulement et d'autre part par le fait que les vitesses ini-
tiales sont calculées sans tenir compte des couches limites. On note également sur cet histogramme un pe-
tit pic, centré & 35 m/s, correspondant & des signaux imparfaitement &1iminés par le systéme de validation
ces valeurs erronées ont une trés grande importance sur le résultat du calcul de la turbulence : elles
doivent 8tre écartées avant d'effectuer ce calcul,

- Toujours dans les gaz frais, mais plus prés de la zone de combustion (Y = 30 mm), 1'histogramme devient
plus large, ce qui correspond 3 une augmentation de la turbulence.

- Au début de la zone de mélange et combustion (Y = 20 mm) 1'histogramme se déforme et présente alors un
sillage important vers les fortes vitesses.

- Au centre de cette zone de mélange (¥ = 15 mm) on obtient un histogramme 3 deux pics, de hauteurs sensi-
blement égales, correspondant aux deux écoulements.

- Enfin, dans le gillage des gaz de stabilisation (Y= 10 mm) on retrouve un histogramme 3 un seul pic pro-
venant de 1'écoulement chaud.

La connaissance des histogrammes est nécessaire avant le calcul des vitesses moyennes et des
&carts-types car elle permet d'éliminer les valeurs provenant d'une validation injustifiée et qui peuvent
induire des erreurs importantes, notamment sur la turbulence. Les profils transversaux de vitesse moyenne
et de fluctuation de vitesse sont donnés sur la figure 11. Le taux de turbulence maximum dans la zone de
mélange et combustion atteint prés de 25 Z.

La comparaison des fluctuations de vitesse ainsi déterminfes avec celles déduites des mesures de
fluctuations de pression d'arr@t de 1'écoulement est en cours,

3.3 - Utilisation de ces méthodes de mesure pour 1'obtention de spectres et &chelles de turbulence

Les différentes techniques de mesure présentées peuvent permettre une caractérisation plus compléte
de la turbulence, par exemple 1'obtention de spectres ou la détermination de 1'échelle intégrale. Ces possi-
bilités ont tout d'abord &té exploitées sur un montage expérimental fonctionnant & température modérée.

Ce montage représente un secteur de la zone de dilution d'un foyer annulaire (figure 12). I1
comporte essentiellement un canal démontable de section rectangulaire (300 x 100 mm ) monté 3 la suite d'un
foyer générateur de gaz chauds. La disposition interne comporte :

~ une veine centrale recevant directement les gaz issus du foyer ;

- deux veines situfes de part et d'autre de la premi2re, au-dessus et au-dessous, alimentées en air frais
par deux conduites indépendantes ;

- les parois constitues de plusieurs &léments en :3le séparant les veines latérales de la veine centrale.
Ces parois permettent d'une part le passage de 1'air de dilution au moyen d'une série d'orifices circu-
laires, d'autre part leur propre refroidissement grice 2 la crfation de films fluides localisés aux rac-
cordements de deux t3les successives,

Les trois veines, distinctes 2 1'entrée, n'en constituent plus qu'une seule 3 la sortie, les &cou-
lements latéraux &tant astreints, par ce dispositif, 2 se mélanger 2 1'Ecoulement central. Enfin, le rétré-
cissement terminal, provoquant une sccélération de 1'&coulement, permet d'atteindre un nombre de Mach du méme

s



ordre que celui observé dans la réalité a ['entrée du distributeur de la turbine ‘¥ & N, 1,, 1a températ;re
est environ KON A K50 K.

a) Technique des faisceaux orthogonaux

La mesure de l'échelle intégrale de la turbulence s'effectue en utilisant deux pvrométres qui
intégrent !'émission infrarouge du jet sur deux trajets orthogonaux. L'un d'eux, maintenu fixe, est nlacé
verticalement au-dessus de la veine, 3 environ 70 mm du plan de sortie ; !'autre est horizontal et peut
étre translaté axialement.

La figure 13 présente les courbes de corrélation spatio-temporelles obtenues 2 partir des daux
mesures. Chaque courbe correspond 3 une position relative des deux faisceaux, t Atant le paramétre de rrrré-
lation temporelle et 4 la plus courte distance entre les deux faisceaux. d est modifié par pas de 10 mm
sauf 3 1'approche de 1'intersection ol le pas est resserré 3 2 mm. Pour ne pas surcharger la figure les
courbes correspondantes n'y figurent pas. A une légére atténuation prés les courhes se déduisent les unes
des autres par une translation. Ceci s'explique si 1'on admet 1'hypothése de Tavlor de turbulence gelée ;
effectivement, si on porte sur ur diagramme 1'abscisse l wux relative au maximum des courbes de corrélation,
en fonction de la distanced , o obtient une droite (figure 14), et la vitesse définie par la pente de
cette droite (84 m/s) est proche de la vitesse attendue pour le jet.

Les points A déphasage nul (t =0y permettent de tracer la courbe de corrélation Q (d) qui présente
un maximum pour = 0 (figure 15). On a vu qu'il est nécessaire, pour obtenir la fonction de corrélation 3
2 points, de tracer f (4) en foncticn du paramétre A¥ au lieu de et d'en prendre la dérivée. On obtient
ainsi une courbe beaucoup plus étroite qui représgente, 3 un coefficient prés,la fonction de corrélation cher-
chée, (figure 15)

.
La valeur 3 1'origine permet de calculer 1'échelle intégrale \ et 1'intégration sur 4 permet de
calculer 1'échelle intégrale A.. On les trouve trés proche 1'une de 1'autre :

.
N =0,7% cm et A 0,72 cm

ce qui est une justification supplémentaire de 1'approximation qui consiste A les supposer égales. 11 faut

cependant noter que ces mesures ne sont qu'approximatives. En particulier le calcul par intégration est ar-

rété arbitrairement au premier zéro de la courbe de corrélation. On suppose que la contribution du reste de

la courbe, alternativement positive et négative, est négligeable,.

b) Corrélation en faisceaux croisés

Une autre méthode pour atteindre J\.est d'utiliser la corrélation normalisée en faisceaux croisés
donnée par :

= 0,24,

(’(0)-: mA

\, 14 Q‘L

Cette détermination fait intervenir les longueurs d'intégration P4 et fz. Dans le cas présent :
24‘2 5 cm et Q!.2'30cm

On en déduit une échelle intégrale A - 0,94 cm qui est du méme ordre de grandeur cue celle déter-
minée par la méthode des faisceaux orthogonaux (A= 0,72 cm).

3.3.2 ~ Spectres de_turbulence

A titre de comparaison il a été porté sur une méme figure (16) les densités spectrales énergétiques
dérivées de 1'analyse des signaux obtenus par les trois techniques de mesure : la sonde de pression d'arrét,
le pyromdtre optique et la vélocimétrie laser. Les trois spectres sont trés semblables et on ne remarque pas
de rupture de pente sur le spectre de vitesse, ce qui laisse penser que le flux en particules était suffisant
pour que le spectre soit réaliste au-dessus de 10 kHz. Les pics de densité spectrale de faible énergie obser-
vés aux basses fréquences doivent &tre attribués & des instabilités du foyer amont. La concordance entre
ces trois spectres peut surprendre puisque 1'un au moins d’entre eux (le spectre de température) est modifié
par 1'effet d'intégration. Cependant la représentation utilisant une &chelle logarithmique peut &tre trom-
peuse. On peut en effet montrer [4] que 1'effet d'intégration se fait sentir dans tout le spectre de telle
sorte que 1'intégration de celui-ci conduise 3 une variance atténuée dans le rapport {2A . Ce rapport
est ici assez faible, égal & 1,44,

Sur le montage d'é&tude de la combustion turbulente, seuls les spectres résultant des mesures de
température ont été jusqu'ici obtenus (figure 17). Ces spectres correspondent aux points Y = 20 et Y = 25 mm,
avec et sans inflammation des gaz frais. On note dans tous les cas la présence d'un pic trés important 3 la
fréquence de BOO Hz qui peut s'expliquer par un battement de 1a flamme entrainant ainsi le fort &talement
des histogrammes, Un autre pic 3 la fréquence de | 300 Hz apparait seulement en absence d'inflammation. Il
n'est évidemment pas question dans ces conditions "instationnaires" d‘'appliquer aux fluctuations de tempé-
rature la correction d'effet d'intégration due a la turbulence 3 petite &chelle. Celle-ci ne peut &tre envi-
sagée qu'aprds séparation des fluctuations dues au mouvement d'ensemble et de celles dues 3 la turbulence et
par la mise en oeuvre d'une méthode d'analyse conditionnelle.

:k
I
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4 - CONCLUSION

La caractérisation de l'aspect instationnaire des écoulements 3 température &levée, notasment dans
les foyers et les turbines ol la technique classique de 1'anémométrie 3 fil chaud ne peut plus étre employée,
a conduit |'ONERA 3 étudier des méthodes nouvelles de mesure des fluctuations de vitesse et de température.
C'est ainsi que des sondes de pression d'arrét 3 court temps de réponse pour la mesure des fluctuations de
vitesse et un appareil optique utilisant une méthode d’'émission et absorption simultanées en infrarouge pour
la mesure des températures de gaz ont étr’ développées. Ces techniques de mesure ne donnent pas au contraire de
techniques d'averir telles que 1'snémométrie laser pour la mesure de vitesse ou la diffusion Raman anti-
stoke cohérente pour la mesure des concentrations et de la température, la structure fine de 1'écoulement
mais elles sont plus faciles 3 utiliser sur des barcs d'essais industriels.

L'analyse des mesures effectuées 3 température modérée 3 1'gide de sondes de pression et de films
chauds montre qu'il existe une relation de proportionnalité entre les fluctuations de pression d'arrét et
les fluctuations de vitesse. L'utilisation de cette relation permet donc la mesure de la turbulence de vi-
tesse par l'intermédiaire des mesures de pression d'arrét. Ce résultat demandait toutefois 3 €tre confirmé
par des mesures dans des &coulements 3 plus haute température en les comparant 3 des mesures par vélocimé-
trie laser. Cette comparaison a &té effectuée pour la premidre fois 3 la sortie d'une chaubre de combustion
3 la température moyenne de ! 330 K. La bon accord observé justifie 1'utilisation des sondes de pression
d'arrét pour qualifier la turbulence des écoulements chauds.

La technique de mesure des températures par pyrométrie infrarouge a été expérimentée dans un mon-
tage d'étude de la combustion turbulente ou la température des gaz est comprise entre 600 et 2 000 XK. La
comparaison des histogrammes de température obtenus par la pyrométrie aux histogrammes de vitesse déterminés
par anémométrie laser montre 1'intér@t de cette technique malgré 1'inconvénient de 1'intégration des tempé-
ratures le long du faisceau optique. Sur ce montage, 1'analyse spectrale du signal de mesure pyrométrique
montre que la flamme n'est pas stationnaire, et il n'est pas possible, dans ces conditions, d'appliquer la
correction d'effet d'intégration due 3 la turbulence 3 petite échelle.

Au contraire, dans le cas oli le milieu est statistiquement homogéne, on montre qu'il est possible
de remonter 3 la variance locale de la température si l'on connait 1'échelle intégrale de la turbulence.
Celle-ci peut &tre obtenue par des corrélations entre deux mesures optiques croisées. Un exemple d'utilisa-
tion de cette technique, sur un montage d'étude de la dilution, est présenté. Sur ce méme montage on a éga-
lement comparé les spectres obtenus par les trois techniques de mesure : la sonde de pression d'arrét, le
pyrométre optique et la vélocimétrie laser, Ils sont trés comparables.
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Fig. 4 - Technique des faisceaux orthogonaux
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DISCUSSION

D.L.Schulez, UK

Is the constant k = 2 based »n theoretical or experimental results” You say in your paper that k as of “order™ 2
and | would like to know what the range of k might be.

Réponse dauteur
Ce résultat est essentiellement expérimental, obtenu sur diverses expénences a températures vanes. (e résultat est

a environ 107 pres c’est a dire que 'on peut obtenir aussi bien un coefficicnt de 1 8 au 2.2 Une jstification
théoriq e a été présentée en référence (1) dans le papier ccrit.

M.Mouranche, Fr

L'utilisation de la pyrométrie optique que vous avez décrite pour 1a mesure des températures de gaz est tres
séduisant. Quelles sont ses limitations d'emplor sur les montages d’essai de combustion?

Réponse d’auteur
La seule condition d'utilisation comme pour beaucoup de méthodes optiques est de disposer de deux orifices pour
faire traverser le faisceau optique. Il est également nécessaire qu’'il n'y ait pus de particules solides de trop grande

dimension dans le gaz: mais la principale limitation de la méthode résuite de Vintegration des températures sur ie
chemin optique.
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VELOCITY AND TEMPERATURE MEASUREMENTS IN A
PREMIXED FLAME WITHIN AN AXISYMMETRIC COMBUSTOR

by

A M. K. P. Taylor and J.H. Whitelaw
Imperial College of Science and Technology
London S47 2BX, England.

SUMMARY

Measurements of velocity, temperature and noise characteristics are reported for
a premixed natural-gas, air flame stabilised on a disc baffie located on the axis of a
round pipe and for a corresponding isothermal flow. The stability limits of the flame
are identified and measurements of mean axial velocity, the variance of the correspon-
ding fluctuations and noise intensityprovided for equivalence ratios in the range 0.7
to 1.6. Centre-line distributions of mean axial velocity, the variance of the corres-
ponding fluctuations and mean temperature are reported and an analysis presented of
the uncertainties of the laser-anemometer instrumentation and bare-wire thermocouple
measurements. It is shown that the range of equivalence ratios which allow stable
combustion is comparatively small; that the maximum and minimum mean velocities and the
length of the recirculation region are increased by combustion; and that the centre-
line distribution of mean temperature is comparatively uniform for more than 3 baffle
diameters downstream.

LIST OF SYMBOLS

h Yfean surface heat transfer coefficient
hn'T'g, h'T

Correlation between fluctuating surface heat
transfer coefficient and fluctuating gas/
wire temperature

Population size; Eq. 1

w

Vvvvv
g
X

Mean, fluctuating pressure
Radial distance
Radius of combustor

]

Mean, fluctuating temperature

-3

Mean temperature of gas and wire; Eq. 2

N oaad A waol 2
T oa

w Mean axial velocity
o Annular bulk velocity
Un] nth sample of axial velocity; Eq. 1
;2, v2 Variance of axial, radial velocity fluctuations
uv One-point correlation
® (volumetric) fuel/air ratio

stoichiometric (volumetric) fuel/air ratio

1. INTRODUCTION

The two main purposes of this paper are to present measurements of the velocity
and temperature characteristics of bluff-body stabilised, premixed methane-air flames
and to assess the precision of the results. Laser-Doppler anemometry was used for
measurements of mean velocity and related one poipt correlations, and bare-wire thermo-
couples gave values of mean temperature. The flow arrangement comprised a 80mm
diameter pipe with a 39.8mm diameter stabiliser disc and measurements were obtained
at (volumetric) equivalence ratios of between 0.70 and 1.6 and upstream cold-flow pipe
Reynolds numbers of approximately 33,000.

The flow configuration is relevant to the afterburners of gas-turbine combus-
tors and the assessment of the precision is relevant to velocity and temperature
measurements in a wide range of combusting flows. Stabilised, premixed flames have
previously been investigated in, for example, references 1 to 6. Assessments of the
precision of velocity measurements in combusting flows have been reported for example,
in references 7 and 8 and that of temperature measurements in references 9 to 11.

In the present paper the velocity, temperature and sound-intensity results are
presented in section 3, which is preceeded by a description of the geometry and
instrumentation in Section 2. Section 4 provides careful consideration of error sources
and the paper ends with summary conclusions,

2, FLOW AND INSTRUMENTATION ARRANGEMENTS
Figure 1 presents a line diagram of the flow configuration and shows the mild- g'

steel pipe of 1.83m length coupled to a supply system for air and town gas (94% CH,).
Measurements have been obtained with the baffle located O0.8m from the open end of %he
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pipe. As shown, vitreous silica plate windows were set into the combustor wall and
ailowed optical access for the laser-Doppler anemometer. The inside diameter ~f the
pipe was circular to within lmm except near the windows where this figure decreased to
around 3mm. The flow rates of town gas and air were measured with arifire plates and
manometers the accuracy nf the measurements was of the order of 3 with a reprodu-
cibility nf 0.5%.
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Velocity characteristics were obtained with the laser-Doppler anemometer opera-
ting in a forward-scatter, fringe mode with the optical characteristics of table 1.
The Doppler signals were detected by a photomultiplier (RCA Model 4836) and processed
by a spectrum analyser (Hewlett-Packard model 141T/8552A/8553B) interfaced to a micro-
processor (Intersil Model IM6101), as described in reference 12, The probability
density function of velocity was obtained by counting the occurrence of doppler signals
in the frequency spectrum. Signals were distinguished from noise by setting a thresh-
old level of occurrence in the frequency spectrum. The flow was seeded with titanium
dioxide particles which, before their introduction, had a nominal diameter of O.45um.
The maximum data rate observed at the photomultiplier output was of the order of 5000
signals/s; approximately 10 minutes were required to form the mean and variance from
10,000 (or more) signals.

TABLE 1 Optical characteristics

Laser power 600 mW
Laser wavelength 514.5 nm
Fringe spacing 2.23 um
Length 05 measuring volume

at 1/e4 intensity 2 mm
Diameter_of measuring volume

at 1/e“ intensity 200 um
Frequency shift 21 MHz

The optical components of the anemometer were assembled on a bench and translated in
two orthogonal planes by a milling-table arrangement which allowed location to better
than O.lmm.

Temperatures were measured with a bare-wire thermocouple (platinum: 13%
rhodium-platinum) constructed from 80um diameter wire. The hot junction was formed at
the centre of a 10mm length of wire and had a diameter of approximately 90um. The
thermocouple was calibrated for radiation effects in the manner described in reference
11 and was inserted into the flow, through plugs located in the combustor wall, and
traversed with the milling-table.

Sound intensity levels were measured with a microphone (General Radio Model
1560-P4) which was located approximately 2m from the combustor. The signal from the
microphone was analysed with a spectrum analyser (General Radio Model 1564-A).
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3. RESULTS

Confined, bluff-hody stabilised flames are known to have limited ranges of stabie
combustion and can also have fluctuation energy concentrated at discrete frequencies
As a consequence, the stability characteristics of the combusting flow was investigated
over a range of equivalence ratio, ¢, and are described in the following subsection.
This is followed by two subsections describing the detailed velocity and temperature
results, respectively, at 9 = 0,70,

3.1 Influence of equivalence ratio

The stability characteristics of the flames were examined in the range of
equivalence ratio from around 0.5 to 1.6 by visuad observation and by the measurement
of sound intensity and velocity characteristics.
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Figure 2 shows the stability limits of the flame as a function of (annular) bulk
air velocity, U and equivalence ratio, The shaded areas define the familiar fuel-rich
and -lean extin%tion limits. Adjacent to these limits are regions, designated as
‘'stable', which refer to the presence of the flame only downstream of the bluff-body.
Between these regions is a range marked 'unstable' which corresponds to operation with
a flame visible upstream of the baffle., At small values of U_($6ms-1) flashback
occurred, with the flame attaching to the boundary layer of the sting upstream of the
caffle. At values of U_ appropriate to the data presented here (U_ = 8.3 ms-1), the
flame was unattached to the sting. The boundary between each floworegime is subject to
an uncertainty of +0.03¢.

Figure 3 shows the related sound output from the combustor. The sound level
within the 'stable' regions was relatively low, being less than 10dB above the equiva-
lent (inert) air flow. As the 'unstable' range was approached the sound level increased
markedly (15dB), together with the variance of velocity which is shown in figure 4.

The flow pulsations were so violent that damage occurred to the glass observa-
tion windows, thereby limiting the extent of measurement in the 'unstable' region. The
appearance of the probability density function of axial velocity in this region was
either heavily skewed or bimodal, the latter suggesting a harmonic oscillation of
velocity, Frequency analysis of the sound level confirmed the presence of a preferred
frequency of about 80Hz which corresponded to an acoustic quarter-wave arrangement.

Figure 5 indicates a large variation of mean velocity, at x/R=1.63 and r/Rs=0O,
as the equivalence ratio is altered. This is due to a related change in the length of
the recirculation region since, as figure 6a confirms, a small change in this length
can result in a large change in velocity. In addition, however, equivalence ratios of
the order of unity undoubtedly cause much higher centre-line velocities since the
maximum value of U/Uo of figure 6a is around 1.5 and that of figure 4 is around 3.0,

3.2 Velocity characteristics

Figs, 6a and b present the centreline values of the mean and variance of axial
velocity in reacting and non-reacting flow. The length of the recirculation zone is
about 40% greater in combustion as compared with the isothermal flow. Similarly large
increases have been reported by Winterfeld, reference 5, for confined flows; in
contrast, Durao and Whitelaw, reference 13, measured a smaller (55%) increase for unconfined
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fiows . Downstream of the recirculation zone | the axial ve,acity rantinues ° A elerate
faster than in 1sothermal flow., This is a result nf ‘he greater velncrities amay from

the axis which come about through the increased volume ~f the gases.

The large values of u2 within the recirculation zone imply that the flow 1
indeed fully turbulent, and that no laminarisatinn has occurred. The magni® ides i
the reacting flow are, at most, double those in the equivalent isothermal flow. By 1mpli-
catinn, turbulence levels throughout the recirculation zone will have increased, a.*h..ugh
momentum transfer will be nett reduced {(compared to isothermal flow) because f the fa,
in density. By analogy, mass transfer, which is crucial to the mechanism nf flame =tal.j-
lisation, will also have heen reduced. This expectation is confirmed by the residence
time measurement of reference 5,

3 N

As the equivalence ratio tends to stoichiometric, figures 3 and 4, the leng*h
of the recirculatinn zone becomes smaller while the levels of ué greatly increase. The
decrease in the recirculation zone length (a trend that has also been reported hy reference
Siwhich would tend to reduce the flame holding ability of the bluff-body, is more than
compensated for by the increase in the level of UZ. However, the evidence of spe tral
analysis of the sound level suggests that combustion-induced acoustic oscillations play
an ever larger role, and the variation of uZ and the appearance of bimodal probability
density functions of U are further confirmation of this, The presence of the flame
upstream of the buffle is thus probably a result of both bulk transport of reacting gas
by the oscillations, together with the instantaneous velocity falling below the flame
speed. The violence of the fluctuations, together with a flame front which no longer
develops from the bluff-body tip, make it uncertain to what extent simple models of bluff-
body physics (based on a well-stirred reactor) still aopply.

3.3 Temperature distribution

The mean temperature profile on the centreline, fi, re 7, is quite uniform,
except for the area immediately adjacent to the bluff-body. It suggests rapid mixing and
that the 'well-stirred reactor’' model of the recirculation zone is qualitatively correct,
although it is certain that radial profiles of temperature would show greater variations,
The velocity fluctuations on the centre line correspond to intensities of greater than
15% even at x/R of 5 and to much larger values for x/R < 5; they suggest large tempera-
ture fluctuations and that the adiabatic flame temperature will be approached, on the
centre line and over much of the range of figure 6, for a significant period of time.
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4, Discussion of measurement accuracy

The purpose of this section is to appraise the accuracy of the measurements of
the previous section and to comment on the accuracy of the measurement of velocity and
temperature of combusting flows in general. The discussion is again presented in three
parts which correspond closely to those of the previous section.

4.1 Equivalence ratioc and flow symmetry

The results of figures 2 to 5 imply that the equivalence ratio should be main-
tained constant, at a known value, within limits which depend upon the value of ¢ and the
required constancy of the combusting flow. A variation in ¢ from 0,80 to 0.81, for
example, can result in a 10% change in the mean velocity on the centre line., In the
present case, the equivalence ratio was determined by measuring the volume flows of gas
with orifice meters and the expected accuracy of the resulting value was of order 3% with
a constancy of around 1%.
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The flow symmetry was tested, in detail, with non-combusting flow and showed
asymmetries of less than 5% of the bulk velocity. These were caused, a* least in part,
by the departures from circularity of the combustor pipe previously referred to in
Sectinn 2.

4.2 Velocity characteristics

Table Il identifies sources of possible error appropriate to the present laser-
Doppler anemometer: the influences of refraction index gradients on signal quality and
of the TiO, particle on the combistion process are not considered since, according to
reference ?4. they are expected to be negligible,

TABLE 11: Possible sources of error in velocitymeasurements

ERROR SOURCE

Finite Transit time broadening

Mean Velocity gradient broadening

Particle concentration broadening

Instrument noise

Size of population used for evaluation of
mean and variance

Velocity weighting of particle statistics

Density weighting of particle statistics

The magnitude of the first four effects can be determined from a knowledge of the
flow and of the standard formulae given, for example, in reference 14. Taken together,
they imply an uncertainty in mean velocity which is less than 0.5% of the maximum velocity
and an uncertainty in the variance of velocity fluctuations corresponding to an overesti-
mation of up to around 1%. It should be noted that steeper gradients than those encoun-
tered here can occur when radial profiles are measured and usually result in larger uncert-
ainties.

The number of velocity values used to form the mean and variance was at least
10,000 and, according to the analysis of reference 15, implies uncertainties (which depend
on the standard deviation for mean velocity alome) of +1% and +3% in the mean and variance
of velocity respectively, at 95% confidence limits.

The uncertainties associated with the last two items of Table Il are more difficult
to quantify and, as will be indicated, are potentially longer than those discussed in
the previous two paragraphs. The importance of the averaging procedure (convection
weighting) has been assessed in a number of papers, for example references 16 to 21, and
depends on the relative time scale of particle arrival, the sampling rate of the instrumen-
tation and the frequency of the energy containing turbulence. In the present flow, the
time scale of particle arrival is greater than that of the sampling, which is limited to
a minimum of 42ys between successive measurement. The measurements are therefore control-
led by the particle arrival rate, not by the sampling technique, and an error will result
with averages formed from the expression
N
U = 1 : [u ] (1)
N n=1 n

as they were in this paper.

Averaging algorithms which properly account for "velocity weighting" require know-
ledge of the joint velocity probability density distribution for three components of velo-
city (refs. 16 & 19). A '"one-dimensional" correction can be applied to the data and its
validity is restricted (refs. 16 & 18) to flows in which the velocity components, normal
to the velocity component measured, are small. Measurements on the centreline of the
transverse fluctuating component of velocity in isothermal flow (reference 22) show that

(v /u2) ¥ ), so that application of the "one-dimensional" correction is not justified.

An exact value cannot therefore rot be obtsined without three-dimensional measure-
ments and, even then, may be complicated by the existence of signal amplitude bias as
discussed in references 21 and 23. An estimate of velocitz‘weighting_lor this flow can
be obtained by using the (calculated) corrections for V‘/u = 1 and uv = O given in
reference 17, is analysis suggests that the magnitude of U/U_ is too large by about
0.08 U/U_, and /U too small by about 0.024 u2/U! , at x/R =°0.75. These values are
expected to be the ?argest that will apply within the recirculation zone: downstream (at,
say, x/R = 4,50) the errors will be +1% and -2% of the local value of mean and variance.

The error arising from local fluctuations in the volumetric seeding concentration
requires measurements, or assumptions, concerning the magnitudes of the fluctuations of
temperature and pressure, so as to make use of the estimates provided by reference 24.

In this case ,NT'%/T andAJp'z/B have been taken as 0.20 and 0.03 respectively. The latter
value is the maximum expected, and will occur in the presence of violent combustion-
induced oscillations (25). The only important error is that caused by the temperature
fluctuations in the value of mean velocity, amounting to a possible 5% underestimation of
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the lncal value.

The above arguments Suggest that the errors depend on the turbuilence intensity. ’
and that they can only be estimated. The probable uncertainty in the mean and variance mea-
surements are of the order «27 in both mean and varian e domnstream of she recdreiation

zone but may be up to *+3% and an underestimation of about 23% in the local values of '
mean and variance respectively within the recirculatinn zone,

4.3 Temperature characteristics

Bare-wire thermocouples were preferred to a suction pyrometer partly on grounds
of size but also because of the dependence of pyrometer measurements on suction velocity
as shown, for example, in reference 11. They have, however, the disadvantage of
greater fragility, particularly with the 80.m diaMeter wire used. Indeed, measurements
with equivalence ratios around unity proved to be very difficult due to frequent breakage
in the corresponding pulsating flow.

The thermocouples were arranged, as described in section 2, and had a probable
conduction error of less than 0.1%. The magnitude of the radiation correction has heen
shown to be of order 80°C at 1400°C in a free flame and, with the lower temperatures
and confined nature of the present arrangement was certainly less than 40°C and probahly
much less.

In addition to radiation and conduction effects, the relatinnship between the
wire and gas temperature involves the correlations between an ‘overall' heat-transfer
coefficient and the gas and wire temperatures,

i.e. Tw = Tg + hTTg'/F - h"Tw'/h - radiation-conduction. (2)
For an infinitely small thermocourle junction, Tg' and Tw' are identical and the influence
of the correlations is zero. The results of reference 11 show that the influence of the
correlations is also zero for a 40um thermocouple. A reasonable assessment of the accu-
racy of the present measurements is, therefore -50°C, + 20°C.

5. SUMMARY CONCLUSIONS
The following main conclusions may be extracted from the preceeding text:

1. Combustion-induced oscillations become increasingly important as the equivalence
rTatio approaches unity, where the flow is dominated by an acoustic oscillation associated
with greatly increased sound intensities and velocity variance. The range of equivalence
ratios for which stable combustion can be achieved is quantitied and shown to be small.

2. Centre-line distributions of mean axial velocity and the variance of the corres-
ponding fluctuations have been obtained at a volumetric equivalence ratio of 0.7 and in
isothermal air flow and have the same general shape. The maximum negative and positive
velocities are larger for the combusting flow and the recirculation length is larger by
around 40%. The velocity variance is generally larger for the combusting flow and much
larger (x2) in the recirculation region. The mean temperature distribution is compara-
tively uniform, consistent with a well-stirred reactor assumption.

3. The uncertainties in the measurements are considered and shown to be significant.
Small changes in equivalence ratio give rise to significant changes in the length of the
recirculation region and to local flow properties. The velocity measurements, in regions
of high values of velocity variance, are subject to uncertainties which cannot be quanti-
fied exactly; the mean and variance of velocity can be subject to errors of up to +5%
and ~-25% respectively although the corresponding figures away from the recirculation region
are of the order of 2% in each quantity. The mean-temperature values are subject to
uncertainties of around +200C, -50°C,
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DISCUSSION

F.C.Gouldin, US
In your presentation you noted the presence in the combustor of a flame sheet which begins at or near the edge of
the flame stabibiser and extends downstream, and you referred to the recirculation zone behind the stabiliser as a
stirred reactor. By flame sheet | assume you mean a thin reaction zone in which fuel and atr react to form products
Hf this interpretation 1s true. what are the significant reactions occurring in the stirted reactor region of the stabiliser
wake?

Author’s Reply
The phrase “well stirred reactor’ refers to a (mathematical) model sometimes used to describe the mechanism of
stabilisation behind a bluff body. Its usefulness lies in being able to assign one representative value of any quantity
to the reacted and unreacted gases. The “‘reactor’ extends into both reacted and unreacted gases. Whilst there are
no reactions taking place within the recirculation zone, the products (and temperature) are uniformly distributed in
space (well-stirred). In the present case, for example, 1200°C would be a good estimate of the temperature of burnt
gases within the recirculation zone.

AM . Mellor, US
Did you observe the flashback phenomenon if the pipe was terminated in the plane of the disc?

Author’s Reply
I do not recollect having observed flashback for the (few) experiments conducted under conditions when the pipe
was terminated in the plane of the disc.

M.Nina, Po
(1) The size of the recirculation zone depends on the value of ¢: in your Figure 6 you compare centre-line
velocity profiles, isothermal and ¢ = 0.696 . Is there a reason for choosing this value?

(2) Could you tell us more about your fine-wire thermocouple problems, such as life time and reasons and
locations of breakages?

Author’s Reply
(1) The only significance of ¢ = 0.696 (¢ = 0.70 to within the limits of reproducibility) was that it was an
operating point which lay far from the ‘unstable’ range of operation.

(2) The lifetime of the thermocouple was principally determined by the equivalence ratio. Breakage would occur
close to the thermocouple bead. Values of equivalence ratio much greater than about 0.7--0.8 resulted in
almost immediate breakage. We interpret this as a result of instantaneous values of temperature being much
higher than the mean, thus approaching the fusion temperature of the metals.

N.1 Hay, UK
I would like to ask two questions: the first, under unstable conditions what was the pressure ratio across the flow
straightener and did any swirl survive downstream of it? The second question, did the flame stabilise on the flame
trap upstream of the baffle?

Author’s Reply
(1a) We have no information on the pressure drop across the flow straightener.

(1b) We observed no swirl downstream of the straightener.

(2) The flame would not normally stabilise on the trap upstream of the baffle. The exception to this bchaviour
arose if, after prolonged operation in the ‘unstable’ mode, the flame trap (a wire mesh screen) was shaken
out of its position.

J.S.Lewis, UK
Will you attempt to include the unstable mode of operation in your theoretical model of this test rig? If so, will you
require measurements to be made during unstable operation?

Author’s Reply
Some of the measurements represented in the first three graphs were for unstable combustion and they gave the
impression from the probability density, which was bimodal, that perhaps the vibrations may have been sinusoidal.
The output of the thermocouple, all of the five seconds that it lasted, seemed to indicate that we had a periodic
fluctuation but we certainly wouldn't attempt to model that kind of flow. However, I believe that you have done
some work using a program on combustion induced oscillations.

v
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C . Winterfeld, Ge
The correlation of the results has been done 1n a way which is different from that normally used in the hiterature
Could the authors please comment. on how their results compare with former woras reported in Lie literature’

Author’s Reply
That's true. yes. | behieve that your own paper presented at the Combustion Symposium indicated that as one
increases the equivalence ratio the recirculation length becomes shorter. We did not make detailed vnough medsare
ments. because as | pointed out the thing kept coming to bits, of how much shorter the recirculation length became
All we know is that it did become shorter because we measured it at a point which was negative when we started
off. it then became positive velocity. and then finally ended up at the nich extinction imit as a negative velocity
again. but we had no idea of just how the recirculation length itself vanied. As to your point on the way we present
the data. | agree that all papers represent it as on the diameter of the haffle. The reason | present it as a function of
the radius of the containing pipe is historical and hangs over from my isothermal work. Also. 1t was convenient to
normalise it in that fashion.

e
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THE USE OF OPTICAL TECHNIQUES IN THE INTERPRETATION OF HEAT TRANSFER MFASUREMENTS

J.M. Owen and J.R. Pincombe
School of Engineering and Applied Sciences
University of Sussex
Falmer, Brighton, BNl 9QT,U.K.

SUMMARY

Optical techniques have been used to study the flow structure, and to pain a better understanding, of
the convective heat transfer inside rotating cavities. Flow visualizartion has been used to determine the
amount of coolant necessary to seal an air-cooled rotor-stator system, to delineate regimes of vortex break-
down in rotating cavities with axial throughflow, and to identify the flow regimesin a rotating cavity with
a radial outflow of coolant. LDA measurements of the radial and tangential components of velocity inside
the rotating cavity have been used to correlate the flow visualization results. For the radial outflow case,
these velocity measurements are in good agreement with theoretical predictions. Measured Nusselt numbers
reveal the presence of heat transfer regimes corresponding to those identified by the optical techniques.

LIS: OF SYMBOLS

a inlet radius

b outer radius

Cv < 0/vb dimensionless flow rate

D= (v/ﬁ)é Ekman layer thickress parameter

G : s/b gap ratio

GC H sc/b shroud clearance ratio

Nu mean Nusse't number

Q coolant volumetric flow rate

r radial coordinate

Rer : va/Z‘nr radial Reynolds number

Rez Z 2Wa/v axial Reynolds number

Ree = sz,’\z rotational Reynolds number

8,8, axial gap between the rotor and stator or rotor and shroud, respectively
u,v radial, tangential components of velocity in a rotating frame
\7,\79 tangential component of the potential cowe in a rotating and stationary frame respectively
Vr,Ve radial, tangential components of velocity in a stationary frame
W bulk-average axial velocity in inlet pipe

2 axial coordinate measured from rotor

8 volume expansion coefficient

AT temperature difference between the disc tip and the coolant
AE'AK thickness of the inner and outer layers respectively

€ = W/Ra axial Rossby number

€ = Q/4weQD radial Rossby number

)‘eo = ;BAmr/;o buoyancy parameter

kinematic viscosity
density
rotational speed

Do <

Subscripts
[ AT = O

1 INTRODUCTION

In this paper, it is shown how the techniques of flow visualization and laser doppler anemometry (LDA)
can be used to complement each other and to add to a better understanding of flow structure and convective
heat transfer. In order to gain insight into the flow around turbine and compressor discs in gas turbine
engines, the techniques have been applied to the study of flow inside the cavity between a rotating and a
stationary disc and in the cavity between two corotating discs. Although the application is specislized,
the techniques should be applicable to many other flow systems.

Fig. la shows a simplified model of an air-cooled turbine disc rotating close to a stator, and flow

visualization has been used to examine the flow structure and to quantify the amount of coolant necessary
to "seal’ the cavity (that is, to prevent the ingress of hot gas into the cavity). PFig. lb shows a model
of corotating compressor discs through the centre of which is an axial flow of air (simulating cooling air
on its way to the turbine blades ). The flow in this configuration is extremely complex, and the occurrence
of vortex breakdown (1) can dramatically alter the flow structure and heat transfer inside the cavity.
Pig. lc shows a simplified model of air-cooled corotating turbine discs, and a number of regimes of heat
transfer have been identified by Owen and Bilimoria (2). 1In the latter case, flow visualization and LDA
messurements have provided an understanding of the flow structure and have ensbled 2 simple theoretical
uodel to be developed and tested(3).
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A brief description nf the experimental rigs and the optical instrumentationn 18 preeens in Se-rp ~ [
Sertinng 3 and 4 des-ribe the application of flow visualization and DA, respe-tivelv, ¢t the *n-es r *a°-
ing cavities described above.

2, EXPERIMENTAL APPARATUS

7.1 The rotating cavities

Far the rator-stator cavity shown in Fig. ia, the rotor was a plane aluminium dis~ ~f radiys b = [ 30 =m,
and the stator and shroud were made from perspex. The gap, s, hetween the rntar and statar was
‘i, = 0.1, G s/b) and the rhroud clearance, $

19 mm
, was varied from (.48 to 7.A mm /0.0025 7 (- O,

e,

<
. (3 -
O sr/b). The rotor was driven up to 4000 rev/min (Re, * 10, Re, ~ pbz/,) by means of a variable-cpeed

electric motor, and the coolant flow rate was supplied through the inlet pipe (a = 19 mm) at rates up to

3 4 . !
0.06 m'/s (C, =2 x 10°, €, = Q/wb).

For the rotating cavity with axial throughflow shown in Fig. lb, two different rigs were used. The is. .-
thermal rig comprised two perspex discs, of radius b = 190 mm, and a perspex shroud. The radius of the
rotating inlet and outlet pipes was a = 19 mm, and the spacing between the discs was varied from (o = 0.1133

to 0.53. The cavity was rotated up to Re, = 4 x 105, and axial Reynolds numbers of Rez - 10° (Re7' 2Wal .,

W being the bulk-average velocity in the inlet pipe) were produced. The heat transfer rig was twice *he
size of the isothermal rig, and the discs were made from stainless steel and instrumenteg with thermocoupies.
The maximum axial and rotational Reynolds numbers on the heat transfer rig were 6 x 107 and 2.5 x 106,
respectively.

The rotating cavity with radial outflow shown in Fig. lc was based on the isathermal and heat transfer
rigs described above. The only difference was that the perspex shroud cortained thirty holes equi-spaced
on the mid-axial plane. In the isothermal rig, the holes were 12.7 mm diameter; in the heat transfer rig,
the holes were 25.4 mm diameter.

2.2 Flow visualization apparatus

Illumination of the cavity was achieved using either a | oW He Ne laser 0T, for photographic purposes,
a 2 W argon-ion laser. As shown in Fig. 2, th: illuminating laser was used in conjunction with a cylindri-
cal anda collimating lens to produce 'slit illumination’ in a plane through the axis of rotation (hereafter
referred to as "the r-z plane'). The focal lengths of the lenses were chosen to produce a beam that, viewed
normal to the r-z plane, was slightly wider than the cavity width, s; viewed normal to the r-° plane, the
beam was brought to a focus at the axis of rotation of the cavity. The resulting 'sheet' of light was, de-
pending on the laser and lenses used, approximately 1 mm thickness.

For photography, an Olympus OM2 camera (operating in the 'aperture preferred' mode) was arranged wich
the axis of its lens normal to the illuminated plare. With an f 1.8 lens and ASA 1600 film, a minimum
exposure time of 1/60 s was required for the air flows, seeded with oil particles, as described below. For
video recordings, a Sony video camera and monitor were used in conjunction with a Sony video tape-recorder
which facilitated play-back in slow motion.

For flow visualization, the coolant air was 'seeded’ by means of a Concept smoke generator. This
vapourized Shell Ondina o0il, and the resulting 'smoke' was driven-off with carbon dioxide. The size of the
oil particles was approximately 0.8 um diameter. For laser doppler anemometry, the air was seeded by means
of a Norgren 'micro-fog lubricator' which generated particles of approximately 2 um diameter.

2.3 The laser dappler anemometer

For measurements in the isothermal rotating cavity rig shown in Figs. 1b and lc, the LDA optics were
arranged in a forward-scatter real-fringe mode. This is illustrated in Fig.2 where the incident beams are
arranged to detect the radial component of velocity.

For forward-scatter, the transmitting optics comprised a 5 mW He Ne laser (wavelength 632.8 nm), a ro-
tating diffraction grating, steering prisms and transmitting lens. The receiving optics comprised an f 1.8
50 mm lens, 50 Lm adjustable pinhole and an EMI 95538 B photomultiplier tube, all of which were contained in
a single housing.

The diffraction grating was a bleached radial grating with 21,600 lines on an effective diameter of
133 mm. Approximately 50 per cent of the incident light was transmitted in the first-order beams, and a
rotational speed of 2570 rev/min produced a frequency shift of 1.85 MHz. The grating could be yawed about
its optical axis, allowing measurements to be made in either of two orthogonal directions. The emergent
first—order beams were reflected by steering prisms to create two parallel beams, with a separation distance
of 50 mm, which were focussed at the optical probe volume by the transmitting lens. For forward scatter,
with a transmitting lens of 200 mm focal length, the probr volume was approximately 0.25 mm diameter and
2 mm long, and the fringe spacing was approximately 2.5 im.

For the heat transfer rig, where the only optical access was through the perspex shroud, the LDA optics
were arranged in back-scatter. Under these conditions, the 2 W argon-ion la?et (wavelength, 514 nm) was
used in conjunction with a2 conventional beam splitting cube. A beam separation of 30 ™ fnd a transmitting
lens of focal length 300 mm was used, As velocity measurements in back-scatter were limited to She_tumg—
ential component of velocity in the fluid core, well away from the disc surfaces, no frequency shifting was

necessary.
The doppler signal from the photomultiplier was processed by a Cambridge Consultants tracking filter,

which had an upper frequency limit of 15 MHz. The tracker output voltage, which was prop?rtional to the
magnitude of the velocity component being measured, wvas passed into either a Solartron Time-Domain Analyzer

el dleome. - { e~ XV T ————
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3 FLOW 'V'I§L'ALXZATION_

3.1 Sealing an air-cooled turbine disc
Fig. la shows the geometry examined in this investigation. Previous tests on A similar ge-metry (4
showed that the miimum dimensinnless flow rate, Cw min N€CESSary to prevent ingress «~f external fluid intn
.

the cravity between the rotor and statnr could be estimated from
< . = 0.61 & Re, . (1)
w,min c d

The above relationship was based on pressure measurements obtained on the stator and shroud for clearance
ratios of (O 0.0033 and 0.0067.

Using the rig described in Section 2.!, flow visualization was used to supplement the pressure measure-
ments for values of CC from 0.0025 to 0.04. Using the argon-ion laser and the optics des-ribed in Sectinn

2.2, slit illumination in the r-z plane enabled the flow stru-ture to be studied. The injection of smnke
into the main 'coolant’' air supply entering at the centre of stator ('central seeding') revealed the hasic
flow patterns; injection of smoke at the outside of the cavity ('peripheral seeding’') revealed the point

at which ingress first occurred and the extent of subsequent penetration of external flow into the cavity.

Photographs obtained using both central and peripheral seeding at Ree =5 x IOL, Cc = 0.0l and 0.02, and
Cw = 280, 395 and 485 are shown in Fig. 3. It should be pointed out that, for each flow condition, a sequ-

ence of photographs was taken from the time that smoke entered the cavity to the time when no further changes
in smoke patterns were discernible. The particular photographs that appear in Fig. 3 were chosen to provide
the maximum information on the flow structure. It should also be noted that the lower half of the cavity is
shown (that is, the 'coolant' flow enters near the top left-hand side and leaves near the bottom right-hand
side of the photograph ) and reflections cause mirror images (particularly on the stator side).

Referring to Fig. 3 for G, = 0.01 and Cw = 280, the flow in the cavity is mainly laminar although, using

central seeding, large instabilities in the reverse flow near the stator are clearly visible for r/b 2 0.6:
uging peripheral seeding, smaller instabilities of the main flow near the rotor can be seen at r/b 2 0.4,
Similar effects are visible for Gc = 0.02, Cw = 280. For this flow rate, the secondarv flow in the cavity

creates one large recirculation zone centred at r/b = 0.6, z/s * 0.7,

For GC = 0.01, Cw = 395, central seeding shows that the stator instabilities have spread towards the

centre of the cavity and that rotor instabilities have increased in size. The nature of the rotor instabil-
ities are clearly visible with central seeding at G. = 0.02, and two large vortices can be seen near r/b ~ 0.5.

For Gc = 0.01, C" = 485, central seeding reveals that the rotor vortices have grown in size, and in number,

and have interacted with the stator vortices to effectively divide the cavity into inner and outer reciru-
lation zones. This effect can also be seen for G, = 0.02, C = 485, and peripheral seeding reveals the

presence of an inner zome for r/b < 0.4 and an outer zone for r/b 2 0.6. Further increase in flow rate
causes an increase in turbulence in the cavity, but the overall flow structure is not materially altered.
Increasing the rotational speed does not significantly affect the sequence of events described above. How-
ever, at high rotational speeds, clear flow visualization is more difficult to achieve.

In order to determine incipient ingress, the rotational speed was kept constant and the flow rate was

slowly increased until smoke, injected at the periphery, failed to enter the cavity. The values of Cw min
’

obtained in this way were consistently greater than those deduced from pressure measurements suggesting
that flow visualization provided a more sensitive test for ingress. For the range of clearance ratios
tested, the results were correlated (See (5)) by

0.66
Cw,min = 0.14 Gc Ree (2)

3.2 The rotating cavity with axial throughflow

Fig. 1b shows the geometry that was studied by Owen and Bilimoria (2) who observed that relatively small
changes in rotational speed or axial flow rate could, under certain conditions, cause dramatic increases in
heat transfer ratr~ With the isothermal rig described iu Section 2, Owen and Pincombe (1) wused flow
visualization to show that vortex breakdown could occur; this phenomenon could dramatically alter the flow
structure (and hence alter the heat transfer) inside the cavity.

Using the | aW He Ne laser to illuminate the r-z plane, it was possible to visualize the flow structure
and to identify the onset of vortex breskdown. Typical flow patterns for G = 0.53 and Rez = 5000 (turbulent

flow) are shown in Fig. 4 where the shading is used to represent regions where the smoke penetrated quickly
by convection and dashed lines are used to imply intermittency or uncertainty.

A powerful axisymmetric toroidal vortex centred at r/b ~ 0.8, z/8 ¥ 0.5 caused smoke to fill the en-
tire cavity, as shown in Pig. 4a. No obvious effect of rotational speed was seen until the Rossby number,
e(where ¢ W/Qa = 50 Rez/ lee), was reduced from » (the stationary value)to € » 100, where an occasional

precession of the main axial jet gbout the central axis could be seen. As the Rossby number was further
reduced, the jet precession occurred more regularly and eventually became continuous, as illustrated in
Fig.4b. This form a spiral vortex breakdown was termed 'mode la' breakdown, ('mode 1' is used for all

spiral vortex breakdowns; 'mode II' is used for all axisymmetric vortex breakdowns), anc it reached its
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maximum intensity at 7 ¥ 21, whereafter, at higher rotational speeds, the et suddenlv stopped precess:ing
If for ¢ < 21, when the jet had resumed its central positior, the Rossby number was increased (hv sneed
reduction ar by flow increase), the jet did naot resume its precession until] » > 21.

For £ < 21, the jer appeared to be axisymmetric with nccasional ascillatinns of the iet baundaries,
and this was termed mode Ila. Occasional excursions of the jet into the cavity were ahserved: and for
£ < 10, an inner core of smoke with imprecise boundaries was formed as shown in Fig. 4c. As © was further
reduced, the core shrank in size and the occurrence of the excursion of the jet into the cavity increased.

At € ~ 2.6, the jet took on the appearance of a flickering flame, as shown in Fig. 4d, and this was
termed mode Ib. No further change in behaviour occurred until ¢ - 1.5 when signs of intermittent reverse
flow were observed at the downstream end of the jet. A further increase in speed caused the smoke care ta
expand in size to reach a maximum value at < = 1. This form of breakdown, termed IThb, i8 shown in Fig.4e.

The boundaries of these four modes of vortex breakdown were delineated far a range ~f flow rates, and
the results are shown in Fig. 5.

3.3 The rotating cavity with radial outflow

) Referring.to the geometry shown in Fig. lc, Hide (6) analysed the case af a rotating cavity with a lam
inar source-sink flow by considering the flow Structure to comprise four regions:

(1) an inner layer of thickness AE;

(ii) separate Fkman layers with a thickness of 3D (D = (»/ﬁ)l) on each disc;
(iii) an outer layer of thickness LK;
(iv) a potential eore in which the axial and radial components of velocity are zero.

Flow visualization was used by Owen and Pincombe (7) to study the flow structure far the case of a uni-
form source where the flow enters radially (Hide's case) and the case where the flow enters axially (the
gas turbine case). The isothermal cavity rig described in Section 2 was used where, for the radial inlet
case, a rotating tubular gauge located at r = a was used to create a uniform source flow. The r-z plane
was illuminated by the argon-ion laser, and by pulsing the smoke generator it was possible tn observe the
flow structure. Photographs were taken in side scatter, and typical examples of the flow structure for the
radial and axial inlet cases can be seen in Fig.6.

It should be noted that smoke is injected into the air flow on the left-hand-side of the cavity, and
the mirror images on the disc surfaces at z = 0, s should be ignored. Figs. 6a and b, show the inner and
outer layers, Fkman layers and potential core (which stands out as a black region into which the white
smoke has not penetrated) for the radial and axial inlet cases, respectively, at C, =79 and Re, = 2.5 x 1n™*,

For the axial inlet case, the asymmetry of the central axial jet is attributed to vortex breakdown. Also,
although the flow is predominantly laminar, cellular disturbances can be seen on the Ekman layers far both
inlet cases. These disturbances increase with increasing values of Rer(Rer = Cwb/Z"r), and for Rer > 140

'finger-like' disturbances were clearly visible; it was believed that these finger-like disturbances signal-
led the onset of turbulence.

Fig. 6c shows the axial inlet case at a higher flow rate, Cw = 314, Re, = 2.5 x 106. Unlike the pre-

]
vious case, the axial jet impinges axisymmetrically on the downstream disc to form a radial wall jet. At
r/b = 0.5, this jet separates from the downstream disc,effaectively dividing the cavity into two distinct
flow systems: the inner system (formerly considered to be the inner 'layer'), is bounded by the central
axial jet, boundary layers in each disc, and the 'separation layer' for 0.5 < r/b < 0.75; the outer system
is bounded by the separation layer, Ekman layers on each disc, and the outer layer at v/b ~ 1. A distinc-
tion is made in the terms 'Ekman layers', where convective acceleration is weak and the flow rate up
each disc is equal to half the total flow rate, and 'bnundary layers', where convective acceleration is

strong and the flows in the two boundary layers are unequal.

Flow visualization has also been used to study radial outflow on the heat transfer rig described in
Section 2. Under heated conditions four regimes of flow have been identified:

(a) the inner and outer layers fill the entire cavity;
(b) Ekman layers exist;

(c) the inner layer oscillates;

(d) the flow becomes chaotic.

For a given flow rate and with the downstream disc heated, the flow moves from rvegime (a) to (b) to (c¢) to
(d) as the rotational speed is increased. The first three regimes correspond to the heat transfer regimes
identified by Owen and Bilimoria (2), and regime (d) is believed to sigral the onset of free convection
inside the cavity.

Further details of the flow visualization can be found in (2) and (7). The use of laser doppler anem-
ometry to quantify the flow in these rotating cavities jis discussed in Section 4.

4 MPASUREMENTS BY LASER DOPPLER ANEMOMETRY

4,1 The rotating cavity with axial throughflow

Por the {sothermal rotating cavity rig described in Section 2, measurements of the radial and tangent-
ial components of velocity were made by 'looking through’' the perspex discs, and measurements of the axial
and tangential components were made 'looking through' the shroud. In both cases, forward scatter was emp-
loyed using the 5 mW He Ne laser.




It was found that, near the centre .f the cavity, (e/b = 0.133) the axial throughflow could rause the
tangential velacity to exceed the local disc speed by a factor nf twenty or more, as can be seer from Fig.
7. As the rotational speed is increased (¢™' is increased) V./lr tends to unity: that is, at smali values
~f +, the fluid in the cavity tends to rotate as a snlid body. The discontinuity at <~ - 0,045 (7 -~ 2,
is caused by the change from mode Ia to ITa, as described in Sectinn 3.2.

The various mndes of vortex br-akdown could also be identified hv examination of the power spectrim -f
the tangential component of velocity. During vortex breakdown there was a good correlatinn between the
visual observation of jet oscillations and the appearance of ‘peaks' in the power spectrum. Wwhen it was
possible to time the visually observed precession of the jet, close agreement was found hetween the timed
results and the frequency of the dominant spectral peak. Fxamples of the spectra for laminar and turbulent
flow are shown in Fig.8. The dominant spike of Figs. Ba, ¢, e are associated with mode [ (spiral) break-
down; the peak plus higher harmonics of Figs.8b, d, f are associated with mode Il (axisymmetric) breakdown.
The spectral 'signatures’ of the vortex breakdowns were used to delineate the houndaries between mades, and
the results nbtained were consistent with those obtained by flow visualization,

4.2 The rotating cavity with radial outflow

For laminar source-sink flow, Hide (6) has shown that the radial and tangential . mnonents of velacity
referred to a rotating coordinate system, u and v, respectively, are given by

u = -;e-Z/D sin(z/D) (Y
and
v -v = —ve z/D cos(2/D) (4)
where .
v = ~Q/27rD (5)

Q being the volumetric rate. The above equations apply between the inner and outer layers, and are only
valid for small values of the radial Rossby number, er(er = Q/4me{iD). Faller (8) has obtained an improved

estimate for v, the tangential velocity of the potential core, where

_’ Q 2
v 7eD (1 + 0. 3€ + 0.388cr L | (6)

Owen, Pincombe and Onur (3) obtained solutions for the turbulent int~gral equations using 1/7tV power
law profiles. For isothermal flow,

v 2.220 ¢ >/®
T - T T 13/8 (N
fir (c76)13/8Re, !
and for non-isothermal flow
v/vo 1 - 0.106)\eo (8)
where _
Ao = ;BATQr/vo 9

AT being the temperature difference between the heated disc and the cooling air, and the subscript 'o' ref-

erring to the isothermal case.

The isothermal rotating cavity rig described in Section 2 was used for the laminar experiments, and
measurements were made with the LDA in forward scatter using the 5 oW He Ne laser. Fig. 9 shows a typical
comparison between the measured velocity components (¥, =V + Qr) and those predicted from eqgns.(3) and (4)
(using eqn. (6) for v). Measurements were obtained fof the radial inlet case of Hide and the axial inlet
case applicable to a gas turbine. It can be seen that the inlet conditons have only a weak effect on the
flow in the Fkman layers, and agreement between the measured and theoretical values is good.

The heat transfer rig was used to achieve turbulent flow and to produce non-isothermal conditions. The
only optical access was through the perspex shroud with the LDA optics arranged radially in the back-scatter
mode. The optical quality of the shroud, which contained thirty holes and tended to fog-up with oil parti~
cles, made measurement extremely difficult. Measurements were, therefore, limited to the tangential com-
ponent of velocity in the mid-axial plane (z/s = 0.5).

The effect of flow rate on the transition from laminar to turbulent flow can be clearly seen in Fig.10.
The measurements were made in isothermal flow at a gap ratio of G = 0.133 and a radius ratio of r/b = 0,767.
For all three values of Ree, transition occurs at Cv ~ 860 (Rer =~ 180), which is the intercept of eqns,(5)

and (7). For small radii (Re > 180), the flow in the Ekman layers is turbulent; for large radii (Rer < 180)
the flow is laminar.

In Fig. 11, the radial distribution of the turbulent tangential velocity is shown at G = 0.133 for

6 = 0,4, 0.6 and 1.0 x 10°. For BAT ~ 0.27 these three values of Reg cause the steady, oscillating and

chaotic flow described in Section 3.3. The small reduction in V, caused by heating at the two lower values
of Rey is consistent with that given by eqn.(8). At Ree - 106, the drop in the isothermal data below the

theoretical curve for r/b > 0.9 is attributed to ingress of external fluid into the cavity via the holes in
the shrouvd. At the highest value of Ree , heating (BAT = 0.27) causes chaotic flow which tends to create

a forced vortex where Velﬂr > 0.6.

Further details of the velocity measurements, and power spectra obtained from them, are given in (3).
The effect of these flows on the heat transfer in a rotating cavity is discussed in Section 5.

S
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5 HEAT TRANSFER IN ROTATING CAVITIES

Using the heat transfer rig described in Section 2.1, Owen and Bilimoria (2) obtained heat transfer
rates for the case of the rotating cavity with axial throughflow. Tt vas only by the use of the flow
visnalization techniques described in Section 3.2, that the dramatic changes of heat transfer that they
measured were linked to the occurrence of vortex breakdown.

For the case of the rotating cavity with radial outflow, Owen and Bilimoria identified three regimes of
heat transfer. At low rotational speeds, in regime (i), the mean Nusselt numbers(on the heated downstream
disc) was independent of Re, : at intermediate speeds, in regime (ii), Mu = Re,?: at high speeds,in regime

(iii), Nu was only weakly dependent on Regy. These three regimes were attributed to the cases where (i) the
inner and outer layers fill the entire cavity, (ii) Fkman layers begin to develop, (iii) the Ekman layers

are fully developed.

Mean Nusselt numbers in the above regimes can be correlated by

regime (i): W = 1.94 ¢ /% ¢ 23 (1o
regime (ii): No = 0.0688 Cwl/3 Reel/z an
regime (iii): Nu = 4.396'7% ¢ /2 re,'/? (12)

The boundary between regimes (i) and (ii) are correlated by

G-1/6cw—1/3Re 1/2

5 = 28 13

and the boundary between (ii) and (iii) by

G—1/6C -\/Akee7/12

v = 510 (14)

In a more recent study (3), the flow visualization described in Section 3.3 revealed that regime (iii)
only occurred during heating (BAT = 0.27) and was associated with buoyancy-induced oscillations. It was
believed to be the first step towards free convection inside the cavity.

From the solution of the turbulent integral Ekman layer equations, Owen, Pincombe and Onur (3) showed
that,
1/2

Re (1 + 0.0532)

w 8 ) (15)

8o

where, for a Prandtl number of unity and a quadratic temperature rise over the rotating disc, € = 0.0791.
The experiemntal data were obtained for air (Pr = 0.71), and as no allowance was made in the theoretical
model for the presence of inner and outer layers, it is not surprising that the agreement between eqn.(11)
(for the Ekman layer regime) and eqn.(l5) is not perfect.

Using eqn.(15), a regressxon fit was made on the regime (ii) data, and the 'best ue of ¢ was fougd
to be 0.0453. For 62 data points for G = 0.133, 0.267 and 0.4, 900 < C, < 8.4 x 104 < Re < 2 x 10°,

the correlation coefficient was 0.994. Fig.12 shows the comparison between eqn.(lS) with ¢ = O 0453, and
the measured mean Nusselt numbers. Apart from the overestimate at small values of C , the fit in regime

(ii) is good. the fit is obviously not effective in regime (i), (where Bu is vxrtually independent of Re ),
or in regime (iii) (where buoyancy causes oscillating, and eventually chaotic, flow).

6 CONCLUSIONS

Flow visualization and laser doppler anemometry have been used to provide a better understanding of flow
structure and convective heat transfer inside rotating cavities. Three different gas turbine configurations
have been studied.

In the first, a model of an air-~cooled gas turbine disc rotating close to a stator has been used to
study the ingress of hot gas into the system. Flow visualization has been used to examine the flow struct-
ure and to identify the point at which ingress first appears.

In the second, a model of corotating compressor discs with an axial throughflow of coolant has been
studied. Using flow visualization and LDA, vortex breakdown has been identified and formerly inexplicable
heat transfer behaviour has been explained.

In the third, a model of corotating turbine discs with a radial outflow of coolant has been examined.
Flow visualization has been used to determine the flow structure and to identify the different flow regimes.
LDA has been used to measure the velocity distribution between the rotating discs, and the results have been
compared with theoretical models. The different heat transfer regimes, delineated from correlations of the
mean Nusselt numbers, correspond to the regimes identified by the flow visualization and LDA measurements.

REFERENCES

1. Owen, J.M. and Pincombe,J.R. 'Vortex breakdown in a rotating cylindrical cavity'. J.Fluid Mech. 90, 1979,
p-109.

2, Owen, J.M. and Bilimoria, E.D. 'Heat transfer in rotating cylindrical cavities', J.Mech.Engng.Sci. 19,
1977, p.175.

-t 5

sl




[

a heated ratating "avicy wth a
Schonl af Frgng and Appl.Scienres,

'Velocity measurements in

Pincombe /J.R. and Onur H.
No, TFMRC/S,

~oalant’, 1979, Mech.Fngng.Rep.
Brightan, LU.K.

1. Owen,
radiai

rM.,
witfi-w o f

niversity of Sussex,

and Owen, I.M. "The fi.id dynamics of a shrauded disk system’. J.Fngng Power, Trans. ASMF,

147 , .30,

4. Bayley, F.J.
Series A, 74,

5. Owen, J.M. and Phadke,U.P. 'An investigation of ingress for a simple shrouded rotating disk system with
a radial outflow of coolant’. ASMF Paper No. 80~GT-49, 25th Annual Gas Turbine Conference, New Orieans,

1980,

h. Hide, R. 'On source-sink flows in a rotating fluid'. J.Fluid Mech. 32, 1968, p.737.
7. Owen, J.M. and Pincombe, J.R. 'Velocity measurements inside a rotating cylindrical cavity with a radial
outflow of fluid'. J.Fluid Mech. To be published.
8. Faller, A.J. 'An experimental study of the instability of the laminar Fkman boundary layer’'. J. Fluid
Mech. 15, 1963, p.560.
=S 0
— _S ]
b
O~= 7 & Q E—Q 0 ? :
L ‘_‘
(a) (b) (c)
Rotor-stator system Rotating cavity with axial through- Rotating cavity with radial
flow outflow
Fig. 1 Schematic diagram of rotating disc systems.
FLOW VISUALIZATION OPTICS
laser
{— oylindrical -
lens s
LOA TRANSMITTING OPTICS ,)\‘ LOA RECEIVING OPTICS :
! o
7\ collmahng N
radial "cj\‘/lens &
diffraction H ! ‘
grating ! i :
lens ' | ,lens ) ;
laser ) ;-E--_‘z "'“\4&_, ‘__‘_;—-O.\! photomultiptier
- e P /I
== e ~———pin hole
beom/L_ . pn
steering . .
unit rotating cavity

Fig. 2 Schematic diagram of flow visualization and LDA optics
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Fig. 3 The flow structure between a rotor and stator for G

(a) central seeding; (b) peripheral seeding.
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Fig. 4 Visual impressions of flow inside a rotating cavity with turbulent axial throughflow
for G = 0.53, Re, = 5000.
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Fig. 5 Regimesof vortex breakdown in a votating cavity
with turbulent axial throughflow for G = 0.53.
- Ree increasing; -Ree decreasing.
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Fig.6 Flow visualization inside a rotating cavity with a radial outflow for

G = 0.267, Reg = 2.5 x 10%
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Fig. 10. The effect of flow rate on the tangential velocity in a rotating cavity with radial
outflow for G = 0.133, r/b = 0.767, z/s = 0.5.

v, Reg = 105; A,Reg = 2 x 105; o,Rep = 6 x 105; eqn(5); ~—=-~- eqn. (7).
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Fig. 11 The effect of heating on the tangential velocity
in a rotating cavity with radial outflow for
G = 0.133, z/s = 0.5,
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Fig. 12 Mean Nusselt numbers for the heated downstream disc
in a rotating cavity with radial outflow for BAT = 0.27

Symbol v v 0 A [ A a L]
C"/IOA 0.09 0.14 0.28 0.71 1.42 2.83 5.70 8.40
- - - eqn(13); ~— - — eqn (14); (eqn(15) (c = 0.0453)
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L'objectif des travaux présentés ici 8tait de confronter, dans des conditions expé-~
rimentales trds différentes, des mesures de csncertration de 1'sxyie nitrigue N° dans des
produits de combustion, effectufes simultanément par spectromftrie d'atscrption U.v. et
par prélévement et dosage 3 1'aide d'ur analyseur 1 chimiluminescence. Les “ravaux sn*
montr$ ga'il faut tenir ceompte 2es absorptions parasite~ de 1'oxyméne et de l'anhyiride
carvorique d@s que les températures dépassent environ 720 K pour la bande v{:,7) &% 307 K
pour la tande v{-,0). De plus des mesures effectudes dans le jet d'un turbordacteur au
tanc d'essai 3 la SNECMA ont montré que d'autres espdces parasites non encore idernsifides
{probablement des imbrllés) interféraient avec la mesure.

1 - INTRODUCTION -

La validation expérimentale des mod®les de formation des oxydess d'azste dans les
foyers de turbomachine, comme l'applicat.on de normes concernant les quantités 4'axyde
ritrique émises par les moteurs, implique que l'on puisse faire zonfiance aux wéthodes de
mesure de concentration utilisées. La méthode la plus ccuramment employfe est le préldve-

ment par sonde et le dosage 3 l'aide d'un analyseur i1 chimiluminescence. 7r les sondes
peuvent &tre le siége de réactiorsde réduction ou d'oxydation de NG /c¢f. par exemple
réf. 1/, entrainant une sous~estimation de la concentration réelle au point de mesure.
Z'est ainsi que la concentration en NG, indiquée par l'analyseur peut &tre interprétée
soit comme étant celle réellement présente dans la flamme, soit comme résultant d'une
oxydation de NO ayant lieu au cours du prélévement /2,3 4/,

Par ailleurs les conclusions des confrontaticns entre mesures par préldvement et
mesures par absorption U.V. ne concordent pas : les résultats traduisent soit un bon
accord entre les deux types de mesure /5,6/, soit un désaccord important,la mesure par
absorption U.V. indiquant alors une concentration de NO supérieure 3 celle donne par
les prélévements et analyses /7,8/.

Ces différences d'interprétation pouvant résulter de conditions expérimentales ou
de modes opératoires différents, il nous a paru utile de reprendre la confrontation en-
tre mesures par prélé@vement et analyse, en appliquant les mémes techniques dans trois
sortes d'écoulement différents : gaz briilés produits par un brfileur type MEKER, foyer
tubulaire et jet d'un turborfacteur.

2 - METHODE DE MESURE PAR ABSORPTION U,V. -
2.1 -~ Expression du taux de transmission -

Les bases de la méthode de mesure de la concentration de NO par mesure d'absorption
dans l'ultra-violet peuvent &tre trouvées dans les ouvrages de HERZBERG /9/ et de PENNER
/10/, ainsi que dans les travaux de DAVIS et al. /11/ et de MUELLER /5/. Nous avons toute-
rfois déterminé, 4 1'aide de notre propre montage expérimental et de mélanges &talons
NO-No, les valeurs des paramétres d'élargissement de raie pour les deux bandes v(1,0) et
v(0,0), qui sont les plus intenses, et trouvé respectivement 1810 K/bar et 1860 K/bar.

En raison de la structure trés fine du spectre de rotation de la molécule de NO,

il serait nécessaire d'utiliser un spectrographe 3 tr2s haute résolution pour en séparer
les raies. C'est pourquoi on effectue la mesure pour un intervalle de fréquence Av cor-
respondant & une résolution moyenne, en tenant compte, dans le calcul, de 1'absorption
résultant de 1'ensemble des raies correspondantes.

Pour un milieu absorbant homogéne d'épa.sseur b, le taux de transmission de la lu-
midre issue d'une source lumineuse, peut s'écrire sous la forme :

e

s
T = i
Av
jf e dv
5y
av JAv

ol eg  est le coefficient spectral d'émission de la source, et ky le coefficient spectral
d'absxrption du milieu.
Pour un milieu optiquement mince o2 b k, << 1, on peut &crire :

e
s\’
TAV =1 - es v b kv dv (2-2)
v Jav Y

Or pour un milieu absorbant 3 la pression p ol 1la fraction molaire de NO est XNO’ k, est
de la forme :

-bk
e Vv (2-1)

kv = xNO P Bv (T

X - AfTiITation présente : SNIAS, Service pyrotechnique, B.P. 96 - 78130 LES MUREAUX.




on sttient une relation linéaire

T, T 1-bpX ./F 5. B (T) dv o
Av NO Ay VoV

Si ie milieu n'egﬁ pas optiquement mince, il faut tenir compte des autres “ermes 1. déve-
- A}
e

loppement de Og peut montrer /12/ que, pour des taux d'atscrptisn de 1% au maxi-
mum, et pour Av = 1,5 A on commet une erreur inférieure i 1% en &crivant
- - [ QI
Tp, = exp (- bp xNO_4; s, B,(T) dv) PP

Ce qui signifie que le milieu suit une loi de LAMBERT.
Si 1'on note

f\)(T) = f S, Bv(T) dv

Av
on peut écrire
Tpy © expLé- bp Xyp fV(T)] {2-%)
T
ou 3 X = - Ay
NO b p FV(I)
Dans le cas d'un milieu non homogéne, on peut &crire

b
Tpy = €XD (- pf Xy £,(T) dx) (2-6)

0

Si le milieu comporte des espéces absorbantes autres que NO, de fractions molaires
X;, dont l1'absorption suit &galement une loi de LAMBERT avec une fonction g;,(T) connue,
€gquivalente de la fonction f,(T) pour NO, le taux de transmission devient aiors

b b
Tpy = €XP (- pjg) Xyo Fu(T) dx) exp (- p g/(; X; Siv (T) ax) (2-7)

d'old 1'on peut déduire le taux d'absorption qui correspondrait 3 l'absorption par NO seul.

Les données de la littérature, en particulier les formules empiriques proposées par
WHITING /13/, permettent de calculer pour un intervalle Av donné la fonction fy(T) pour 0
les bandes y(1,0) et y(0,0). La figure 1 représente les variations de fy(T) pour Av = 1,37 A,
valeur correspondant 3@ nos conditions de mesure. Afin de faciliter les calculs nous avons
déterminé, par des régressions logarithmiques, des expressions analytiques approchées qui
sont résumées dans le tableau 1 pour Xyo en ppm.

bande | 294 K < T < 800 K |£(T) = 1,242.10 27 »1%7, ¢ 774 10" 2exp(-2,312.107°T)

1,638 712593

v(1,0) | 800 K < T < 1600 K|£(T) + 8,831.10°° exp(- 1,379.10°°T)

¥,857.1072 112205
7

bande 294 K < T < 80O X |£(T)

Y(0,0) | 800 K < T < 1600 K|f(T) = 9,063.10"

exp(1,676.163;T) +
6,197.107> exp(~ 1,397.107° 1)
TABLEAU 1 - Formes analytiques approchées de la fonction f,(T) pour Xyo en ppm.

2.2 - Dispositif de mesure et sensibilité -

Deux sources de lumidre ont &t& utiligées :
- une lampe au deuterium (type BOWE de JOBIN-YVON),
- une lampe 3 cathode creuse réalisée au laboratoire d'aprés un schéma proposé par
MUELLER /5/.

L'analyseur de spectre utiiise &tait un monochromateur JOBIN-YVON type HRS 1 &quipé
d'un photomultiplicateur EMI type 9558 QB. Dans les conditions de nos mesures, sa ré&solution
était de 1,37 A.

Le seuil de sensibilité de la mesure 3 une température T a 5t& défini par le produit
XNo b p correspondant 3 un taux d'absorption de 5%, soit une erreur relative de 10%. Le
tableau 2 résume les valeurs de ce seuil pour les deux sources utilisées et pour les deux
bandes v(1,0) et v(0,0), dans l'intervalle de température 294 K < T < 2000 K.

e et et = o ——— —M




)

i
- s ,
-
e amre 3 lAararss e 1 1f .
v i, Lampe aL. deutérim /ﬂ. Ty . - = L
—A
4 . - -z G oo e
bande Lampe 3 dicrargs (frm~. m. 2%y B 5 e R X8
(o, Lampe au deliviriam 87 = Sl ot
4

Pour Ll prélsvemers
er, acier inoxyiablie refroidi
el.es conduisaient.

Teux des sondes avalent un tute de préldvemert de 4i
L mm, et re différaient que par leurs pismfiries, l'une a
l'extrémité d'une pointe effilée crient e dars le sens de
l'autre ayan®t ~et srifice sur le c¢c8té de la hampe [fig. °
des &tai+ régld de fagon que ia vitesse A'aspiration 3 1°
l'ézoulement. La troisiéme so-de avait une faorme identinu
créldyenment “talit rétreint 3 son extrémité de fajon gue
que de diamévre 7,5 mnm.

>y
dable et avaient un diamétre intérieur de 2 mm. Elles comportaient un
la glace fondante afin de condenser le pius possible la vapeur 4'eau
modifier la réponse de l'anaiyseur 3 chimiluminescence.

Ce dernier était un THIRMGELECTRON modéle 17 A, Suivant les recommandations fait
divers auteurs /3,14/ nous en avons réglé la température du convertisseur entre 150 o
«J0°C, Afin de tenir compte de la présence de CCp dans les échantillons analysés, rou
avons effectué un &talonnage de l'analyseur 3 l'aide de mélanges &talons N7 ~ Ny - T2
avons constaté que la présence de CO> entraine une surestimation de la concentration r
en NO, qui ne dépasse pas toutefois 5% pour une fraction molaire de CO; de 20% (fig. 3

Par ailleurs les autres espdces stables présentes dans les gaz &étaient dosées par
analyse chromatographique, la fraction molaire de vapeur d'eau &tant déduite d'un bvilan
atomique 3 partir de la composition des gaz frais.

4 - MONTAGES EXPERIMENTAUX -

Trois montages expérimentaux, réalisés au Laboratoire, ont été utilisés pour la compa-
raison entre mesure par absorption U.V. et mesure par prélévement : un petit brileur i flam-
me stabilisée sur une grille type MEKER, un foyer tubulaire 2 combustion stabilisée par
mélange turbulent de gaz brilés avec les gaz frais, et un four aménagé pour y faire des
mesures d'absorption dans des mélanges 8talons. Le combustible utilisé était du proparne.

4.1 - Le briileur type MEKER -

Ce briileur (fig. 4) vertical de section constante 86 mm x 104 mm, ~omporte 3 sa base
une grille en laiton analogue 3 celle d'un briileur MEKER, avec une maille carrée de 2 mm
de cBté. Au-dessus de cette grille sont superposés dans l'ordre :

- un trongon de 5 c¢m de haut, revétu intérieurement de matériau réfractaire,

- deux grilles croisées refroidies par eau permettant de refroidir les gaz 3 une mé-
me température pour plusieurs valeurs de la richesse (en adaptant le débit du mé-
lange frais),

~ un trongon de mesure de 13 cm de haut, muni de vitres en quartz transparent au
rayonnerment U.V. et de passages pour sonde 3 thermocouple ou sonde de prélévement.

Ce briileur permettait d'effectuer des mesures dans des produits de combustion 3 des
températures comprises entre 950 K et 1250 K, et pour des r.chesses de mélange frais va-
riant de 0,5 3 1,5.

4,2 - Le foyer tubulaire -

Le foyer tubulaire a &té réalisé pour permettre l'étude de la variation des vitesses de
réactions au cours de la combustion turbulente d'un mélange hydrocarbure-air stabilisée par
mélange de gaz brdlés avec les gaz frais /15/ (fig. 5). Les gaz brlilés, produits par une
chambre de combustion spéciale, sont mélangés rapidement avec les gaz frais & 1'aide d'un
"mélangeur® comportant 100 conduits de passage des gaz br{ilés et 81 injecteurs de gaz fra’'s
disposés sur sa face aval 3 1l'entrée de la veine d'expérimentation de section constante
10 em x 10 cm, pourvue de parois réfractaires.

On peut donc, dans cette veine, stabiliser une zone de combustion distribu&e en réglant
le rapport des deux débits de gaz brllés et de gaz frais de telle sorte que la température
du mélange formé provoque son inflammation spontanée i une distance voulue en aval des
injecteurs. La longueur de cette zone de combustion &tait d'environ 70 cm.

4.3 - Le four 3 gaz Etalons -

Afin de pouvoir étudier la variation en fonction de la temp&rature de l'absorption due
3 certains gaz, nous avons aménagé un four &lectrique pour pouvoir y introduire des mélanges
de composition connue et en mesurer le taux d'absorption pour les longueurs d'ondes &tudiées.
Pour cela nous avons disposé 3 1l'intérieur de ce four un tube en silice, de longueur 44 ¢m
et de diamétre intérieur 4 cm, comportant & chaque extrémité un bouchon en matériau réfrac-
taire muni d'un hudlot en quartz transparent dans 1'U.V. et un tube de raccordement pour le

=



rassaze des gaz introduiits.
: C ET INTERPRETATIULN -

.l - Expériences sur le bdrileur type MEKER -

Nuus avons mesuré simultanément, par préldverment et analyse et far ata rpt o
ia concentration de N7 dans l'écoulement de gaz %rilés 1y trileur Sype VFKER ;o .r
valeurs de la richesse (72,3 ; 2,71 et 1,1%), en réglant chaque fois 1o 4
j4e .a tempdrature mesurée par thermocscup.e sur l'axe dans le plan de ~es.re 3
1:7% %2 £ K. La source utilisée &tait la lampe %I d4-rarpe. Te wius, pour fiire varier |
concentration de NI sans modifier la temgérature, rsus avons aussi effers i des ~on ros
en injectart dans les gaz f‘rais de 1'ammoniac, gqui se “ransfurme en YN~ or rrop-ortion
54 moins importante selon la richesse.

Les résultats des mesures par prélévement ont morsrd jue les
molaires Xyr;,/Xy étaient toujours faibles, compris entre 7,74 et
type de sondé& utilisé).

Foa ol

Pour confronter les deux types de mesures, nous avsns représentd sur .a fimire * o
variations de - Log T pour la bande v(1,9) en fonctisn des valeurs de Xy- mes.rfes par
prélévement sur l'axe du brlleur {(cf. relation 2-5). Zes résultats metternt en Aviiern:e par
extrapolation un taux de transmission inf&rieur 3 ! pour Xy~ = 7. On sai% /14,177 jue

1'oxygéne moléculaire absorbe 2 haute température au niveau des bandes

Mais comme le taux d'absorption parasite mis en évidence d4%pend tr?
chesse, il apparalt qu'au moins une autre des espdces présentes dans les
interférer avec la mesure. C'est pourquoi nous avons entrepris des mesur
concernant ces espéces 3 l'aide du four décrit au § 4.3,

5.2 - Détermination des absorptions parasites -

5.2.1 - Nous avons mesuré, pour les deux bandes v(1,3) et vi7,7) en utilisant
la lampe 2 décharge, la variation en fonction de la tempdrature (jusqu'id 1277 ¥) de .'az-
sorption de divers m@langes constitués par chacur. des gaz &tudiés 4ilué dans de i'argon.
Nous avons constaté que 1l'absorption de C0» ne peut &tre néglipgé 48s 700 ¥ psur la bande
v(1,0) et d&s 900 K pour la bande Y(0,0), et celle de O, d8s 800 K pour v{1,3) et d48s
1000 K pour v(0,0).(fig. 7 et 8) -

Nous avons aussi cherché 3 donner pour les taux d'absorptions correspondants des
expressions approchées. Comme le milieu absorbant n'est optiquement mince que pour les
faibles taux d'absorption, nous avons supposé que la variation en fonction de 1'épaisseur
optique du milieu suit une loi de LAMBERT, ce qui peut se justifier par le fait que les
absorptions de 0, et de COp s'étendent continfiment sur 1'ensemble des bandes y de NO et
peuvent donc &tre considérées comme constantes sur chacune des bandes de largeur Av. Nous
avons donc considéré que le taux de transmission t de la lumi®re & travers le mélange dans
le four pouvait &tre é&crit sous la forme

T =exp (-p X5 1, 24,(T)) (5-1)

ol X; est la fraction molaire de 1'espéce sonsidérée, le la longueur effective du chemin
optique dans le four et giv(T) la loi d'absorption en fonction de la température. En sup-
a

posant cette derniére de forme
gi“(T) = a exp (b T)
ou g;,(T) = a exp (- v/T)
nous avons obtenu les expressions résumdes dans le tableau 3 (pour X; sans dimension) et
espdce | Longueur g(T) = a exp(bT) ou a exp(-b/T)
dronde (&) avec a (cm”latm™l) et b(K ou K1)
co, 2147.1 4,52,107> exp(5,76.107°T)
o, 2147.1 4,14 exp(- 6,87.10°/7)
co, 2261.0 1,51.107° exp(7,35.10°>/T)
0, 2261.0 2,02.10°° exp(6,25.107°T)
TABLEAU 3

porté les variations correspondantes de a = 1 - T sur les figures 7 et 8.

5.2.2 - Nous avons utilisé ces lois pour calculer .le taux d'absorption parasite
dans les gaz brlillés du brlleur type MEKER. Pour cela nous avons intégré les lois d'absorption
de 0 et 00> le long du trajet optique en prenant la température mesurée le long de ce trajet.
Nous avons ainsi obtenu un taux d'absorption parasite de 2,0 t 0,2%, quelle que soit la
richesse, alors que les valeurs extrapolées 3 partir des résultats expérimentaux (cf. fig.56)
donne un taux d'absorption parasite compris entre 2 et 2,5% avec une précision de 0,5%.

A la précision des mesures,il apparait donec que l'on peut admettre que l'absorption para-
site mise en &vidence &taif bien due 2 l'oxypgéne et 3 1l'anhydride carbonique.
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jeux séries d'expériences ont &té effectules avec le foyer turulalre
- les uries sans cormbustion dans la veine d'expérience ‘richesse 3, = ,, ~'ext-i~tire

en écoulement de gaz btriilés Ailués par l'air injecté,
- les autres avec une zone de combustion statilisée par auto-infian
formé 3 environ 20 cm en aval du mélangeur et pour une richesse $. = 7,45,
e

Dans les deux cas le débit total &tait de 300 g/s et la températur
diatement en aval du mélangeur de 1150 K.

Les mesures ont été effectuées &4 25 cm en aval du mélangeur, c'est-a-dire au 4étus
de la zone de combustion lorsque ¢, = 0,45, Les résultats obtenus par préldvemert avec lia
sonde type b (fig. 2b) sont résumés sur la figure 1C. Avec la sonde type a les résuita‘s
obtenus étaient presque identiques. Par contre avec la sonde 3 col sonique la fraction
molaire de NO, obtenue &tait, pour ¢, = 0 et pour ¢p = 2,45, environ la moitié de cel
obtenue avec fes sondes sans col sonfque. Ce dernier résultat tend 3 prouver gue le N°
détecté par préldvement et analyse provient d'une oxydation de NG en proportion variat
suivant le type de sonde utilisé. De plus il apparalt que cette transformation de e
NO2 est beaucoup plus importante en présence de combustion (45 = G,45).

Les mesures d'absorption effectuées dans la m@me section de la veine ont 8té inter-
prétées :

- en calculant les absorptions parasites dues 3 U, et CO,, 3 partir des profils des

concentrations et de la température le long du chemin optique,

- en estimant, 3 partir du profil de la température et de celui de la concentration
de NO obtenu par prélévement et analyse, une "longueur équivalente d'absorption”
pour NO (ef. § 5.3) qui a €té trouvée égale 3 12,1 cm au lieu de 10 cm.

En absence de combustion (¢, = O) on a obtenu ainsi une valeur de XN supérieure de

25% 4 celle de Xyo, mesurfe sur I'axe par prél&vement. Ce résultat condulf aux mémes con-
clusions que les ef%périences effectuées avec le briileur type MEKER, c'est-3-dire que, non
seulement le NOp, dosé proviendrait d'une oxydation de NO lors du prélévement, mais qu'il
y aurait de plus soit réduction de NO, soit absorption parasite supplémentaire due 3 une
autre espéce que Oy et CO,.

En présence de combustion (¢o = 0,45) nous avons constaté une augmentation trés
importante du taux d'absorption, qui était environ le double de celui mesuré sans co~bus-
ticn (¢2 = 0). Cette augmentation ne correspond probablement pas 3 une augmentation cor-
respondante de Xy,, (puisque les mesures par préldvement et analyse n'indiquent pas
d'augnentation de XNo,), mais plus vraisemblablement 3 une absorption par certains hydro-
2arbures résultant de"la fragmentation du propane et présents en concentrations relati-
vement importante au début de la zone de combustion /15/.

6 - MESURES DANS LE JET D'UN TURBOREACTEUR -

Des confrontations ont également été effectuées 3 la SNECMA dans le jet d'un turbo-
réacteur "LARZAC" au banc d'essai. Les mesures ont 6té effectuées 3 3 cm en aval de la
section de sortie de la tuydre. Elles ont montré que, lorsque l'orn faisait varier 1le
régime du moteur depuis le maximum jusqu'au ralenti :

L

e

P ]
e
3

- les mesures par prélédvement et analyses indiquaient une fraction molaire de NO

décroissant rapidement de 77 ppm a4 4 ppm,

- le taux d'absorption mesuré pour la bande y(0,0) décroissait d'abord de B8,7% &

5,3% pour ensuite augmenter régulidrement jusqu'ad 38%.

I “‘absorption parasite due & O, et & CO, restant inférieure 3 1%, et le taux d'absorp-
tion mesuré pour le régime maximal®correspondant 4 environ 140 ppm, les résultats mettent
clairement en évidence la présence d‘'une absorption parasite supplémentaire augmentant
quand le régime du moteur décroit, c'est-i-dire en fait quand les concentrations des im-
brilés .roissent {(celles de CO et de CHX atteignent entre 2000 et 3000 ppm au ralenti).
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DISCUSSION

A M .Mellor, US
Why does CO, give a positive interference in your chemiluminescence analyser? It usually gives a negative inter-
ference due to quenching of NO, .

Réponce d’auteur
Nous avons en effet constate que, avec I’analyseur “Thermoélectron’ model 10A. dont nous disposions. la réponse
obtenue avec un mélange NO N,-CO, etait supérieure a celle correspondant a {'etalormage, effectue avec un
mélange NO-N, contenant la méme fraction molaire de NO. Nous avons que des auteurs, ayant utilise un modéfe
12A, indiquent un effect de sens oppose. Cette différence dans V'efficacité relative des “*figeages™ par N, et par CO,
est peut-étre due a des différences dans les conditions de functionnement des analyseurs (dilution de I'échantillon
analyse, pression dans la chambre de réaction, . . .).

A.Eckbreth, US
I would like to make a comment I believe relevant. The FAA-DOT (Federal Aviation Administration = Department
of Transportation) in the United States have of course been concerned about the discrepancy between probe and
optical measurements of NO. In a three year study conducted at the United Technologies Research Centre under
their sponsorship, Zabielski, Saery and Colket have investigated this problem in some detail. The study roughly
parallels the investigation described, that is, measurements in a flat flame burner, practical devices, a swirl burner and
the exhaust of a JT-12 can. The NO absorption measurements were made using an NO resonance lamp. Over a wide
range of stoichiometries, optical and probe measurements were found to agree always within 25%. Details of this
work will soon be available in an FAA-DOT approved final report and, I believe, a paper at the XVIiIth Combustion
Symposium.

Réponse d’auteur -
11 est probable que les ecants de 25% entre les deux méthodes de mesure, que vous mentionnez, sont dus aussi 4 des
absorptions parasites. Je peux vous préciser qu’a des température de quelques certaines de degrés C, les absorptions
par C, H,, C;H,, C4Hg, C H (et dans une moindre mesure, C, Hy et C, Hg) sont trés sensibles pour des concentra-
tions de I’ordre de 1000 p.p.m. Par contre nous n’avons constate aucune interférence avec CO ou CH,.

i
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DIAGNOSTICS DES COMBUSTIONS PAR D.R.A.S.C.

par B. Attal, M. Péalat et J.P. Taran

Office National d'Etudes et de Recherches Aérospatiales
92320 Chatillon - FRANCE

RESUME

L

Les spectrométres DRASC mis au point & 1'ONERA sont présentés dans cet exposé.

L'instrument de DRASC non résonnante permet la mise en oeuvre de la technique
BOXCARS et l'élimination du fond non résonnant. Sa résolution spectrale est de 0,7 cm™'
elle peut étre réduite 4 0,07 cm™' par simple mise en place d'un élément optique sans ré-
alignement du montage. Un mode de fonctionnement en bande large est aussi prévu pour la
spectroscopie multiplex.

Des résultats caractéristiques obtenus dans un foyer de simulation de turboma-
chine sont présentés. La détectivité est comprise généralement entre 100 et 1000 ppm.

La DRASC résonnante permettra des gains en détectivité compris entre 100 et
1000 comme le laissent espérer les résultats récemment obtenus sur I,.

1 - INTRODUCTION

La Diffusion Raman Anti-3tokes Cohérente (DRASC) est une des meilleures techri-
ques, sinon la meilleure, pour les diagnostics  ponctuels et non intrusifs dans les com-
bustions. Il y a plusieurs années que la faisabilité des mesures de concentration /1/ et
de température /2/ a été démontrée a4 1'ONERA.

Depuis, des progrés considérables ont été réalisés dans la mise en oeuvre de
cette technique /3-6/, aussi ses performances ont été fortement améliorées : amélioration
de la détectivité /9-13/ et de la résolution spatiale /8/, augmentation de la vitesse
d'acquisition des spectres /7/. Récemment plusieurs tentatives pour étudier des brileurs
d'intérét pratique ont été couronnées de succés et ont fait l'objet de publications /14-
16/.

Dans ce contexte, le but de la présente communication est de donner un compte-
rendu des progrés réalisés a4 1'ONERA sur les techniques de DRASC. Le travail a été pour-
suivi dans plusieurs directions

1 - amélioration de 1l'équipement existant afin d'accroltre la fiabilité, la
résolution spatiale et la détectivité des spectrométres DRASC ;

2 - mise au point de méthodes de calcul pour améliorer la réduction des données
et pour tenir compte de certains effets (tels que varjation de la largeur
des raies en fonction de la température et des nombres quantiques de vibra-
tion et de rotation)

3 - étude théorique de la DRASC résonnante afin d'en évaluer les possibilités
d'application & la détection de gaz & 1'état de trace ;

4 - mesures de température et de concentratiomsdans des brileurs et des écoule-
ments 4'intérét pratique.

2 - PEVELOPPEMENT DU SPECTROMETRE DRASC

Le principal intérét de 1la DRASC réside dans la puissance considérable du si-
gnal diffusé. Avec les lasers A rubis ou & Yag disponibles sur le marché, les dmissions anti-
Stokes cohérente de N, et de O: de l'air sont facilement visibles sur un écran. La démons-
tration 4u processus de diffusion est donc simple et claire. Le lecteur est cependant mis
en garde : en effet, il est trés délicat d'effectuer des mesures précises et reproducti-
bles de température et de concentrations. A dire vrai, la DRASC avec des sources laser
pulsées souffre d'un manque de reproductibilité du signal . Ceci résulte des instabilités en
puissance et en fréquence des lasers et de leur instabilité de direction. Si 1l'on ne
prend pas de précautions, les fluctuations de puissance 4u signal sont de t 30 % ; avec
un bloc sowce trés bien construit et avec une voie de référence, on peut espérer une pré-
cision relative sur 1a mesure de susceptibilité de ¢ 5 %x.




La présence dans le spectre d'un fond continu du i un terme de susceptibilité
non résonnante est la deuxieéme difficulté majeure rencontrée en DRASC. Les raies aman
les plus faibles sortent peu de ce fond continu et il est impossible de mesurer les con-
centrations des espéces & l'état de trace.

Avec une précision des mesures de t 5 %X, la détectivité est de l'ordre de 0,1 %
4 1 %X dans les flammes en utilisant une seule impulsion laser par position spectrale.
Deux technigues peuvent eétre utilisées pour réduire le fond non résonnant et pour amélio-
rer la détectivité: (i) élimination du fond par un choix judicieux des polarisations des
lasers /9 - 13/, (ii) augmentation par résonance électronique de la réponse de la molé-
cule étudiée /6, 18, 19/. .

DRASC NON RESONNANTE

Pendant plusieurs années, 1'ONERA a expérimenté sur des flammes un spectrométre
DRASC construit autour d'un laser & rubis et dont la description se trouve en référence 6.
Récemment, 1'Office s'est pourvu d'un systéme a YAG doublé, choisi en raison de sa puis-
sance créte et de son taux de répétition plus élevé. Ce spectrométre a été mis au point
conjointement par 1'ONERA et QUANTEL A partir de 1l'expérience acquise sur le spectrométre
DRASC & rubis.

BLOC_SOURCE_

Les composants optiques des sources laser et les optiques permettant d'en com-
biner les faisceaux sont fixés directement sur yne table en fonte d'aluminium de 50 cm
par 150 cm (figure 1). L'oscillateur & Yag est déclenché passivement. Equipé du systéme
Polarex et d'un amplificateur, le systéme délivre plus de 120 mJ & 5320 & & la sortie du
doubleur de fréquence pour une durée d'impulsion de 10 ns et une cadence de répétition de
1 3 10 Hz (faisceau & w;). Le faisceau est monomode longitudinal sur 95 % des tirs et la
stabilité en fréquence est alors meilleure que $0,01 cm~!. Ces caractéristiques sont ob-
tenues grace a l'utilisation d'une cavité stable pour l'oscillateur Yag. Un deuxiéme dou-
bleur est utilisé pour convertir le résidu d'infrarouge sortant du premier doubleur.
Ainsi, 40 mJ supplémentaires & 5320 2 sont récupérés pour pomper la chaine composée d'un
laser a colorant et d'un étage amplificateur. Elle produit le faisceau “Stokes" a w,. Le
laser 3 colorant est accordé sur toute sa plage grace au systéme composé d'un réseau fixe
utilisé en incidence élevée et d'un miroir orientable devant le réseau. Cette configura-
tion développée par QUANTEL pour ses lasers & colorant a, par ailleurs, été proposée par
Shashan et al. et par Littman et al /20/. La largeur de raie est de 0.7 cm~! ; elle peut
étre réduite & 0,07 cm~! aprés insertion d'un expanseur de faisceau 3 pri-nes. Cette opé-
ration maintient l'alignement de la cavité d'une maniére trés précise. Eile provoque tou-
tefois un léger déplacement du centre de la raie.

Avec 40 mJ d'énergie de pompage, la chaine & colorant délivre de 1 &4 3 mJ dans
la bande utile en DRASC, c'est-a-dire 560 nm-700 nm. Cette énergie est d'autre part pra-
tiquement indépendante de la largeur de raie choisie.

Le mécanisme d'accord du laser i colorant est commandé par un moteur pas a pas.
Celui-ci peut étre embrayé sur un moivement grossier qui permet le balayage de toute la
plage de 560 nm & 700 nm ou sur un mouvement fin gqui permet alors l‘'‘expioration de 6 nm
autour d'une position guelconque avec une finesse d'analyse de 0,007 cm-'. Un mode de
fonctionnement en large bande est aussi prévu pour le laser 4 colorant, donnant une lar-
geur de raie de 1'ordre de 100 cm~! . L'accord est alors réalisé & l'aide d'un filtre in-
terférentiel ; ce mode de fonctionnement est utilisé pour les expériences DRASC multiplex
/7/ avec un spectrographe et un analyseur optigue OMA.

EQUIPEMENTS ANNEXES ET_MONTAGE DE_DETECTION

Un espace de 60 cm x 30 cm est prévu sur la table pour le montage des optiques
d'adaptation et de superposition des faisceaux laser ainsi que pour les optiques néces-
saires 4 1'élimination du fond non résonnant /9 - 13/ et 3 la technique des faisceaux
croisés (Boxcars) /8/. Ainsi nous utilisons :

- des télescopes pour adapter les divergences des faisceaux :

- des lames A faces paralléles pour les translater ainsi que pour les dédoubler
dans le cas du montage BOXCARS ;

- un miroir dichroique pour l‘'alignement et la superposition des deux faisceaux
laser ;

- des lames )\/2 et \/4 et des polariseurs pour l'élimination du fond non réson-
nant.

Le miroir dichroique est monté sur une platine de rotation trés robuste ayant
une sensibilité d'alignement meilleure que 10 urad. Une petite fraction (¢ 5 %) des fais-
ceaux laser est par la suite prélevée pour la voie de référence.Nous examinerons mainte-
nant le systéme de détection et le probléme d'élimination du fond non résonnant.

Le montdge de détection, y compris le bras de référence, est installé sur une
autre table de 50 ocm x 150 cm (figure 2). Toutes les lentilles de focalisation sont des
achromat8 non collés traités A.R. entre 400 nm et 700 nm.

Les signaux anti-Stokes sont filtrés grace A des doubles monochromateurs de
dispersion totale nulle précédés de filtres dichroiques. Ces derniers bloquent 1'essentiel du
rayonnement des lasers de fagon & éviter les problémes de claquage sur les diaphragms des
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monochromateurs. La détection est faite a 1'aide de photomultiplicateurs intégrés dans
les monochromateurs.

Le niveau du signal anti-Stokes dans les voies signal et référence est ajusté
entre 10? et 10° photoélectrons par coup, ce qui correspond & une incertitude de Foiss im
de l'ordre de quelques pour cents. Des signaux plus intenses peuvent provoquer une satu-
ration des photomultiplicateurs tardis que des signaux plus faibles donnent des niveaux

d'incertitude innaceptables.

Les voies siqnal et référence ont, dans la mesure du possible, une géométrie
identique, surtout lorsque la configuration BOXCARS est utilisée. La cuve de référence
contient 50 bars d'argon ; au dela de cette pression des problémes de claguage et de pha-
se matching viennent perturber le fonctionnement de la voie de référence. Le signal de
référence est habituellement plus fort que nécessaire et doit étre atténué ;: ainsi il
reste suffisant méme lorsque la configuration BOXCARS et l'élimination du fond non réson-
nant sont utilisées simultanément. (voir plus loin).

pans les deux voies, le niveau du signal est maintenu au niveau prévu de 10"
photoélectrons en ajustant la puissance des faisceaux laser a l'aide d'atténuateurs ce
qui évite la saturation Raman au centre de la raie. Les impulsions délivrées par les
photomultiplicateurs sont traitées par une électronique munie de portes rapides (durée
d'ouverture : 50 ns). Elle calcule leurs rapports, la racine carrée de ceux-ci, puis leur
moyenne pour un nombre fixé n d'impulsions laser ( n = 1 & 10 en pratique). Cette élec-
tronique élimine aussi toute mesure pour laquelle le signal ou la référence s'écarte de
+ 35 % de leur valeur moyenne respective.

Cette électronique commande aussi l1'avance du laser & colorant lorsque les n
coups ont été obtenus et trace le spectre en temps réel.

Pour la DRASC multiplex , nous utilisons un spectrographe et un analyseur opti-
que multicanal (OMA, de PAR - EGG). L'élément dispersif dans le spectrographe est un
réseau holographique concave de 2100 traits au mm, corrigé des aberrations et de 750 mm
de rayon de courbure. La résolution spectrale de l'ensemble spectrographe-détecteur est
de 1 em™! . Les spectres de signal et de référence sont enregistrés simultanément sur le
vidicon. Leur rapport est calculé canal par canal donnant ainsi naissance a un nouveau
spectre dont la racine carrée et, si nécessaire, une moyenne sont calculées par la suite.
L'enregistrement du spectre de référence est d'une nécessité vitale car le spectre du
laser a colorant n'est pas reproductible et montre d'appréciables modulations.

La technique d'élimination du fond non résonnant par l'utilisation des proprié-
tés du tenseur de susceptibilité non linéaire du 3éme ordre a été discutée en détail pour
les faisceaux colinéaires, et plusieurs configurations de polarisation ont été prcposées
/9 - 13/. La configuration BOXCARS offre plus de souplesse car leg deux faisceaux "laser"
a w; sont maintenant séparés et peuvent donc avoir différentespolarisations é&; et e; .
Dans la zone de recouvrement de ces deux faisceaux et du faisceau Stokes, nous pouvons
supposer, pour simplifier, que tous les vecteurs k sont alignés et que les polarisations
des champs électriques sont dans un plan perpendiculaire aux vecteurs k, suivant 1'aligne-
ment de la figure 3. Nous supposons le vecteur polarisation du champ Stokes e, aligné
suivant l'axe X.Si nous supposons aussi que le tenseur de susceptibilité non résonnante
posséde la symétrie de Kleinman, nous pouvons écrire le vecteur de polarisation anti-Sto-
kes de la maniére suivante :

P =P + P
= =nr -r

coa(8 + Y) + 2 cos(0 - §) 4(a + b) cos® coesp + 2b sin® ainy

avec 2732‘ o ‘p‘l" o

ain(6 + ) ‘

(2a + b) ain(6 + )

en utilisant les notations de Rahn et coll. /12/. Pour obtenir une réjection totale de la
contribution non résonnante, nous interposons un analyseur orthogonal & Pn,. recueillant

a‘nsi de la lumiére polarisée suivant & et d'amplitude éa‘Pr . Lorsque b = 0, nous avons :

a
(1) & .p = aitn 28 + sin 2¢
[3 + 2(cos 2(06 - y) + cos 28 + cos 2¢)J}77

a=r

qui conserve la symétrie en 8 et ¢ .

Cette expression est représentée fiqure 4 : elle présente un maximum étendu
qui comprend la solution de Rahn et coll. /12/ (8 =y = 60°) ainsi que celle proposée par
Levenson et al /9/ (0 = 45°, ¢ = 90°). Nous remarquons que toute solution en 6 et §
telle que

(2) {90° - ¥} + (90° + 08)? = 1800

expression trouvée d'une fagon empirique et qui correspond au cercle de rayon 42,4°centré
4 6 = 90°, ¢ = 90°, donne un résultat supérieur & 0,98 et est donc acceptable (mis &
part les singularités en §y = - 6 = 60° et ¢ = - 6 = 120°), Ceci donne une souplesse ins-
trumentale considérable. La solution la plus élégante est probablement obtenue avec

6 = ¢ 45°, y = 90° puisque dans ce cas P est aligné avec &, (figure S). On peut ainsi
choisir les polarisations &, et &, pour f‘l faisceaux laser et Stokes superposés et &,
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pour l'autre faisceau. Le faisceau anti-Stokes utile est émis le long de ce dernier :
puisque l'analyseur doit etre orienté d'une fagon précise A angle droit de &, , le fais-
ceau »; est éliminé complétement . Bien que cette solution paraisse séduisante, nous
avons préféré celle ou 9 = ¥ = 60° qui permet un alignement plus facile. La figure 6 don-
ne le schéma de cet arrangement montrant la lentille de focalisation (4 gauche) et celle
de recollimation (A droite), les zones illuminées par les faisceaux laser sur ces lentil-
les et les polarisations des faisceaux laser.

Le faisceau & w, est polarisé horizontalement tandis que les deux faisceaux
paralléles ayant la frégquence w,; sont polarisés linéairement & 60° du vecteur de pola-
risation de w;. Cet angle est obtenu grace a une lame demi-onde (figure 1). Un faible de-
qré d'ellipticité est également obtenu _grace a une lame quart d'onde afin de compenser les
biréfringences des divers composants optiques gitués entre la lame demi-onde et le volu-
me de mesure (notamment le séparateur de faisceau (BS), les fenétres et les lentilles).
Le faisceau anti-Stokes, émis & wi =2w; - w; dans la direction ol aucun faisceau w; n'est
présent, est filtré grdce & un polariseur de Glan. Ainsi qu'il en est question en /12/,
il est parfois nécessaire de modifier légérement les angles de 60° afin de réduire le
fond non résonnant résiduel, cette correction étant fonction de la composition du milieu
étudié. Bien entendu, pour des raisons évidentes, on ne dispose pas de filtre polarisant
sur le faisceau anti-Stokes de la vole référence.

CARACTERISTIQUES DU SPECTROMETRE DRASC
Les performances d'un spectrométre DRASC sont caractérisées par la résolution
spatiale, la stabilité, l'élimination du fond non résonnant et la résolution spectrale.

- La résolution spatiale et l'efficacité de la création du signal anti-Stokes
sont optimales quand les faisceaux sont limités par la diffraction, que leurs diameétres
sont égaux et que leurs directions sont soigneusement alignées.

Pour des faisceaux limités par la diffraction, l'alignement est alors délicat
et difficile & maintenir. La figure 7 donne la puissance anti-Stokes du signal de réfé-
rence de notre montage en fonction de l'angle entre les faisceaux laser a w; et w, dans
1'arrangement colinéaire (une courbe similaire est obtenue en utilisant la voie signal}.
Les faisceaux sont focalisés au moyen d'un achromat de 20 cm de focale. La courbe, trés
pointue, montre que l'alignement est extrémement critique si on utilise des faisceaux
limités par la diffraction.

Cet alignement peut étre maintenu sur notre montage pendant plusieurs mois
sans réajustement. Quant au laser a colorant, sa direction change de moins de 10 urd en-
tre 560 nm et 700 nm ; aucune correction n'est donc nécessaire car cette valeur est trés
inférieure a l'angle de diffraction des deux faisceaux laser (150 urd environ). En outre
le rapport des signaux de mesure et de référence reste constant & *+ 5 % pour un défaut
dralignement inférieur & 100 urd, ce qui garantit la reproductibilité des mesures. Une
évaluation de la résolution spatiale longitudinale peut étre obtenue en translatant une
lame couvra-objet de microscope le long de la région focale, et en enregistrant la racine
carrée du signal non résonnant produit dans le verre en fonction de la position de la
lame. Les résultats sont semblables & ceux présentés dans la figure 14 de la référence 6.
Pour un achromat convergent de 40 cm de focale, la résolution spatiale transversale est
de 60 um : avec la configuration en faisceaux croisés dite BOXCARS,Nnous obtenons une réso-
lution longitudinale inférieure a 3 mm pour une distance de 8 mm entre les faisceaux
paralléles, leurs diamétres étant de 6 mm. Cette résolution varie comme £-? en fonction
de la distance focale f de la lentille.

- Un excellent test des performances d'un Spectrométre DRASC est son aptitude
4 détecter le CO, atmosphérique. La figure 8 présente ces spectres enregistrés avec une
résolution spectrale de 0,7 cm~! avec (a) et sans (b) suppression du fond non résonnant,
la technique BOXCARS donnant une résolution spatiale de 1 mm dans les voies signal et
référence. L'écart type des fluctuations est de t 2 X pour une moyenne calculée sur 10
tirs laser par position spectrale : aussi nous pouvons détecter 15 ppm de CO: dans l‘'air
pour un rapport S5/B unité. Lorsque les polarisations des faisceaux wiet w; sont parallé-
les, la faible pente négative du fond non résonnant est due i la présence de l'aile de
la branche Q de 0, situde a 1556 cm~!'.

Lorsque nous orientons les polarisations des faisceaux 3 60° l'une de l'autre
suivant le schéma de la figure 6, nous espérons un accroissement considérable de la dé-
tectivité due & la disparition du fond non résonnant. Ce fond est abaissé en dessous du
niveau de bruit de notre électronique, sa réduction étant supérieure 3 un facteur 30.
Dans le méme temps cependant, la raie Raman de CO, , qui est fortement polarisée, voit
son intensité réduite 4‘'un facteur 4. La détectivité est par conséquent augmentée d'un
ordre de grandeur. Deux faibles raies de 1l'oxygéne deviennent également visibles dans le
spectre.

Quand nous utilisons la résolution spectrale de 0,07 cm~' , 1l'intensité de la
raie de CO, est trois fois plus grande car son contour est alors pratiquement résolu. Ce
résultat montre qu'une trés bonne résolution spectrale est essentielle 4 l'obtention
d'une bonne détectivité dans les flammes si nous qardons/é l'esprit que les largeurs des
raies Raman y diminuent approximativement comme (273/T) /2

Le résultat d'une expérience de DRASC multiplex sur cette méme raie du CO; est
présenté sur la figure 9. Une moyenne sur 10 spectres fut effectuée afin de rendre la
comparaison avec la figure 8 plus facile. Le rapport signal/bruit et le niveau du fond
apparaissent dégradés bien que la technique BOXCARS n'ait pas été utilisée pour ces en-
registrements (ce qui aurait conduit & recueillir 30 fois moins de signal anti-Stokes).
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Cette dégradation des performances s'explique par la diminution de la densité
spectrale de puissance du laser a colorant dans le mode en bande large. par une résolu-
tion du systéme (OMA + spectrographe) moins bonne et par la présence d'un peu de lumiére
parasite.

DRASC RESONNANTE

L'ONERA étudie activement l'augmentation résonnante de la DRASC : les mécanis-
mes physiques ont été décrits en détail de méme que le contenu des spectres et la forme
des raies pour les gaz. Ces études ont été partiellement confirmées par des expériences
/6 - 18 - 19/ tandis que les problémes d'élargissement Doppler ont été récemment abordés.
Ces premiéres expériences ont montré que la DRASC résonnante dans les gaz est d'une uti-
lisation pratique difficile. Sa mise en oeuvre demande un soin ¢ xtréme. En effet, aux
difficultés générales rencontrées avec la DRASC hors résonance, s'ajoutent des problémes
presque insolubles de saturation & un photon, d'élargissement Stark, de stabilité spec-
trale et de mesure précise des longueurs d'onde émises. Ainsi les lasers déclenchés de
forte puissance ne présentent pas en général la stabilité spectrale nécessaire et ris-
quent de causer une trés forte saturation, tandis que les lasers continus, qui convien-
nent parfaitement pour la spectroscopie & haute résolution et ne provoquent pas de satu-
ration, risgquent de conduire 3 un échauffement important des échantillons. Nous avons
donc choisi d'utiliser des lasers a colorant pompés par flashes, car ils offrent un com-
promis raisonnable entre ces deux extrémes.

Les lasers a colorant sont présentés sur la figure 10. Les deux cuves de colo-
rant sont montées dans une seule téte "flash" de fagon 3 ce que les impulsions laser
soient synchrones. Quatre flashes & ablation réfroidis par eau sont utilisés pour le pom-
page avec une énergie de décharge de 300 & 400 J. Les cavités laser sont montées sur un
bloc de céramique de 80 cm de long. Deux techniques sont utilisées pour l'accord des
lasers. Le "laser"de fréquence w; est accordé au moyen d'un filtre interférentiel et de
deux étalons Fabry Pérot en silice de 0,1 et 1 mm @'épaisseur de 83 % de réflexion. Le
laser "Stokes" de fréquence w2 est accordé grace & un réseau utilisé dans le deuxiéme
ordre de 1200 traits/mm monté en Littrow avec systéme expanseur de faisceau i prismes.
Les deux oscillateurs délivrent des faisceaux de 2 mm de diamétre avec une divergence
inférieure 4 1,5 fois la limite de diffraction. La puissance crete est comprise entre 1
et 10 kW entre 500 nm et 650 nm ?our une durée d'impulsion d'environ 1 us. La largeur de
raie est typiquement de 0,01 cm~’a w; et 0,07 cm™! a w,. Les deux lasers sont polarisés
horizontalement.

Les cavités laser sont installées sur une table de fonte d'aluminium de 50 cm
x 150 cm. Les faisceaux sont combinés au wmoyen d'un miroir dichroigque monté dans une mé-
canique ayant une stabilité d'alignement de l'ordre de 20 urad. Ils sont ensuite focali-
sés dans la cuve de référence (50 bars d'argon) puis recollimatés. Le signal anti-Stokes
créé dans cette cuve est séparé des faisceaux excitateurs au moyen d'une lame dichroique
puis envoyé vers un monochromateur pour filtrage et détection. Les faisceaux de pompe
transmis par la lame dichroique sont filtrés & l'aide d'un verre Schott OG 570 puis foca-
lisés dans la cuve de mesure (focale = 30 cm). Cette focalisation relativement faible
permet de réduire au maximum les problémes de saturation a un photon ; mais elle impose
par contre d'utiliser une cuve de longueur suffisante afin d'éviter la création de signal
anti-Stokes dans les fenétres ; ceci nous contraint & utiliser une pression plus basse
dans la cuve de mesure pour réduire les pertes par absorption. Pour les résultats décrits
ci-dessous., la longueur de cuve optimale a été de 6 &4 8 cm pour une pression de vapeur
d'iode de 0,5 & 2 mb. La cuve a été réalisée avec un tube épais en silice de 4 cm de dia-
métre dont les extrémités sont coupées 3 l'incidence de Brewster. Nous avons fixé deux
fenétres en CAF; sur ces extrémités polies.

Les spectres sont enregistrés en accordant w; & la fréquence désirée puis en
balayant les spectres de quelques gaz bien connus tels que CO,, 0O, et H, afin d'étalon-
ner le mécanisme de balayage de w;. La cuve est ensuite remplie du gaz a étudier. Le ni-
veau du signal anti-Stokes est maintenu 3 quelques centaines de photoélectron de fagon
4 prévenir les risques de saturation de l'absorption. A cette fin, des verres neutres
paralléles et calibrés sont placés devant la cuve si nécessaire.

Les régles permettant l'interprétation des spectres de DRASC résonnante ont été
présentées récemment /6 - 18 - 19/ et nous en résumerons simplement les résultats. Ces
régles sont déduites de l'expression de la susceptibilité /6/ :

X = 1 ,
r 134 ?Bba =W * wg - zrbaf

H o0 Voo u u
an n'b bn _"na ol)_ (o)
(3) X{Zn, w o, = wy - tl_, Ly M - w; = Ll (gaa snn)
n'a n'a na na
-z Bapt Pprp 5 “bn Yna (421 §9)y
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oll N est le nombre de molécule par cm® de la molécule étudide. Les fréquences d'absorption

des états|a> et|b> vers 1'état|n> sont respectivement W O Wy -




Cette expression suppose l'existence d'une seule résonance Ramar (c'est-a-dire
que nous ignorons la décomposition en sous-niveaux rotationnels) et l'interaction faible
r%d¥isanz }a néc?s§1té des corrections d’'ordre plus élevé'sur les populations initiales
P4 ar® , 259", La figure 11 montre trois types de résonance associés au niveau for-
damental T:> . Nous les appelons "Résonances Raman Exaltées par Laser 'figure 11a).
Résonances Double-Electroniques (figure 1lb) et Résonances Raman Exaltées par l'Anti-Sto-
kes (figure 1llc).

Les transitions vibrationnelles fondamentales &t leurs harmonigues sont possi-
bles. Il existe aussi des jeux de transitions analogues qui sont associées au niveau':>
si ce dernier est suffisamment peuplé. Leurs propriétés spectrales se déduisent ajisément
des dénominateurs correspondants qui figurent dans 1l'équation (3).

Une caractéristique remarquable des transitions "double-électroniques" est que
leur position dans le spectre dépend de w) puisque w, - w; = Wyr, = w1 , contrairement
aux raies Raman des types lla et llc. Cette propriété facilite l7identification des raies
et a été utilisée lors de travaux précédents /18 - 19/. Le spectre de la figure 12 illus-
tre ces propriétés : ce spectre a été enregistré récemment dans I, pur pour deux valeurs
de w: et dans la méme région spectrale, tout comme ceux de /18 - 19/ avec cependant une
meilleure résolution spectrale. Les deux spectres ont été enreqistrés a 24 heures d'in-
tervalle. Le laser w; a été accordé chaque fois & une fréquence inférieure de 0,4 em™! i
celle de la raie D;de N, & 16 956,2 cm™'de fagon & &tre en résonance sur la raie d'absorp-
tion R67 (13-1) (figure 13). La coincidence avec la raie de N, était vérifiée & travers
un monochromateur et grace & des étalons Fabry Pérot de 0,1 , 1, 10 mm, 1'incertitude
finale étant de * 0,05 cm~! . L'observation des spectres de la figure 12 appelle plusieurs
commentaires :

1 - il n'y a aucune ambiguité sur l'identité des raies Raman Q(62), Q(63) et Q(67) :
toutefois 1l'échelle horizontale n'est valable qu'a la précision de 1l'étalonnage (soit
+ 0,05 cm™!) sur l'accord du laser de fréquence w; :

2 - leséposition? théoriques de ces raies ne sont pas connues avec une précision supérieu-
re 0,1 em~'

3 - les deux spectres différent par la position des raies "double-électroniques" ce qui
indique une diminution de 0,1 cm~! de w; entre les cas (a) et (b) ; ceci reste dans
les limites de l'incertitude sur le positionnement de w, . La diminution de 1l'inten-
sité des deux raies associées au niveau J = 67 est due aa fait que w, s'éloigne de
la raie d'absorption R67 (13-1).

INSTRUMENTATION PRATIQUE

De nombreuses études de flammes par DRASC ont été faites ces derniéres années
/3 -5 -8 - 17/. Toutefois l'expérimentation sur des bruleurs d'intérét pratique vient
seulement de commencer. Durant novembre et décembre 1978, nous avons effectué les pre-
miéres mesures sur foyer de simulation de turbomachine. Ces mesures étaient des mesures
moyennes de concentration et de température. Le foyer en question qui a été construit
pour des recherches de base en combustion /14/, est alimenté en kéroséne. Il donne un
dcoulement rectangulaire de 10 x 50 cm de 600 g/s & une température de 1100 K (figure 14).
Le bloc source du spectrométre DRASC était installé prés du brileur tandis que les op-
tiques de réception (miroirs de renvoi, filtres, lentilles et monochromateurs) étaient
montés sur une table séparée disposée sous le jet (figure 15). Dans le voisinage du mon-
tage, le niveau de bruit était de 110 dB tandis que la température ambiante variait de
5°C 3 16°C. Le bloc source était protégé du bruit 3 1l'aide d'un caisson en contre plaqué
de 2 cm d'épaisseur et une couverture électrique maintenait la température du montage au
dessus de 13°C. Il ne fut pas nécessaire de protéger le reste de l'appareillage. De
nombreux spectres furent enregistrés.

Le spectre de N; au centre du jet est typique de ces expériences (figure 16) :
le traitement numérique des résultats conduit 3 une concentration de 78 ¢t 5 X et une
température T = 1150 *+ 50 K conformément aux mesures par chromatographie et par thermo-
couple (qui donnent respectivement 78 % et 1050 K). Nous remarquerons que le fond réson-
nant, qui est un paramétre essentiel pour 1l'obtention d‘'un bon accord entre les spectres
théoriques et expérimentaux et donc pour l'obtention d'une température exacte, est
d‘environ 20 % plus grand que la valeur déduite d'une mesure dans l'air ambiant (en uti-
lisant la loi en 273/T pour le nombre de molécules par unité de volume 3 pression cons-
tante) . Nous avons également remarqué que les mesures du fond non résonnant fluctuent de
t 10 % lorsqu'elles sont enregistrées au coup par coup : nous pensons que ces fluctua-
tions sont dues principalement a4 des variations de la susceptibilité (et donc du nombre
de molécules par unité de volume), et non pas 4 celles du rendement de conversion qui
résulteraient des distorsions des ondes laser par les gradients d'indice. En outre, ces
fluctuations sont comparables a celles qui peuvent étre déduites de mesures par anémomé-
trie laser 4 la méme position dans le jet. D'autres gaz furent étudiéds : 0, , CO, (figu-
re 17 et CPy, . Ce dernier est injecté dans le foyer pendant un court instant, puis sa
concentration est contrdlée A différents moments de facon 3 déterminer le temps de séjour.
Une concentration de CF, de 1 ¥ est détectable sens élimination du fond non résonnant.

Tous ces résultats furent obtenus sans élimination du fond non résonnant et
sans la configuration BOXCARS. L'introduction récente de ces techniques a permis une ap-
préciable amélioration de notre montage : l'instrumentation future sur des foyers expé-
rimentaux apparait extrémement prometteuse.

Aucune recherche systématique sur la DRASC résonnante dans les flammes n'a été
rapportée & ce jour. Cependant, une ou deux espéces présentant de l'intérét en combustion
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ont déja fait l'objet d'études fortuites par DRASC résonnante. Il s'agit de C;, /17 - 27 -
28/ et de NO; /29/. Peu de choses peuvent étre déduites de ces spectres car

1 - les spectres d'absorption-émission de ces espéces ne sont pas encore entié-
rement interprétés :

2 - les fréquences laser n'étaient pas connues avec suffisamment de précision

3 - les transitions pouvaient étre fortement saturées (les puissances laser
utilisées étant considérables) ce qui peut altérer les intensités relatives des diverses
raies.

Un exemple d'interférence entre C, et CO, est présenté sur la figure 18. Ce
spectre multiplex a été enregistré dans une flamme de bougie, & proximité de la méche,
avec élimination du fond non résonnant par la technique des polarisations croisédes. La
région spectrale présentée s'étend autour de la raie du CO, & 1388 cm~! . L'absence de
la bande de combinaison du CO. & 1409 cm~! permet d'affirmer que la température est in-
férieure ou égale 4 600 K ; d'aprés l'intensité de la raie & 1388 em-! , nous estimons
la concentration de CO, & 1000 ppm environ. La détectivité n'est pas aussi bonne que
celle déduite du spectre de la figure 8a : elle se situe maintenant & 200 ppm environ, &
cause de l'interférence d'une série de raies dues & C, . Finalement, la présence de C,
et CO, dans une zone ou l'on s'attend & trouver seulement du carburant en phase vapeur
indigque que ces espéces diffusent depuis la zone de réaction vers la méche ; C, devrait
donc y étre plus proche de l'équilibre de Boltzmn que dans les autres régions de la flam-
me. Les diverses raies de C; qui apparaissent dans le spectre de la figure 18 sont pro-
bablement composées chacune d'un ensemble de raies car leur largeur (= 2 cm~')est sensi-
blement plus large que celle de raies uniques élargies par effet Doppler ou par colli-
sions. Nous étudions actuellement l'interprétation de ce spectre sous la forme de tran-
sitions de DRASC résonnante du type de celles de la figure 11. Seules les transitions a
un photon de type P peuvent donner une contribution appréciable dans cette partie du
spectre. Cette recherche est un peu simplifide si nous notons que le nombre quantique de
spi?oﬁst conservé dans les processus de DRASC ; 20 contributions majeures proportionnelles
ap et du type Qq (v + le=mp)}, Py (v = l—v), Py (v——v) ont déja été mises en évi-
dences (dans les notations de la référence /18/). Pour toutes ces possibilités, on a
2<v <4, 83 < J <95 et § =0, 1, 2 suivant le nombre gquantique de spin de la transi-
tion en ré o?ance /31/. La liste compléte des transitions, y compris celles proportion-
nelles a ozg sera publiée ultérieurement /32/.

Finalement la concentration de C, ne peut actuellement étre déduite de tels
spectres. Afin de mieux comprendre et de réduire les problémes liés aux interférences
dues 4 C, dans les flammes, d'autres recherches devront etre faites.

Notons ici que les spectrométres DRASC construits autour d'un laser a rubis
présentent l'avantage de fonctionner dans une zone spectrale complétement différente, ol
l'on s'attend & n'observer qu'une influence réduite du C,.

3 - CONCLUSION

Un spectromeétre DRASC sensible et d'une grande souplesse d'emploi a été cons-
truit et essayé. Cet instrument offre plusieurs modes d'opération en ce qui concerne la
résolution spatiale, la suppression du fond non résonnant et la spectroscopie multiplex.
Il allie détectivité, précision de mesure et simplicité d'opération : la détectivité est
1000 ppm ot mieux si le fond non résonnant est annulé, la résolution spatiale est de
l'ordre du mm et les mesures peuvent étre acquises en une seule impulsion laser. De plus
cet appareil est fiable : le transport en camion vers les cellules d'essais du foyer de
simulation de turbomachine et les deux mois de fonctionnement sur l'installation n‘'ont
nécessité que de minimes réajustements du montage. La DRASC est donc devenue la meilleure
technique optique d'analyse des flammes. Cependant son utilisation est actuellement limi-
tée aux espéces pour lesquelles les donnédes spectroscopiques et les largeurs de raies
sont connues, car il est nécessaire  de calculer sur ordinateur des spectres théoriques
de bonne qualité pour obtenir des dépouillements précis. On peut espérer que le nombre
de données spectroscopiques nécessaires pour les différentes espéces importantes en com-
bustion s'accroltra rapidement.

La DRASC résonnante nécessitera encors de nombreuses années de développement
tant du point de vue théorique qu'expérimental. Elle reste une extension trés prometteuse
de la technique d'analyse chimique par DRASC conventionnelle. Les résultats obtenus
récemment dans I; montrent que des gains en détectivité compris entre 100 et 1000 peuvent
étre espérés.
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Figure 1 - Bloc source ; A : amplificateur Nd Yag
BD : lame paralléle pour dédoublement en deux faisceaux paralle-
les pour la technique BOXCARS (la disposition BOXCARS est
celle qui est montrée, une translation de la lame permet-
tant de passer a l'arrangement colinéaire sans perte de
1'alignement) :
BS : lame séparatrice pour la voie de référence :
D, et D, : doubleurs & KDP :
DC : cuve de colorant ;
DM : miroir dichroique ;
E : étalon Fabry Pérot :
G : réseau ;
GT : prisme de Glan-Tompson :
P : lame paralléle pour translation des faisceaux :
PE : expanseur de faisceau & prismes :
SA : absorbant saturable ;
T : télescope ;
A/4 et )/2 : lames quart d'onde et demi-onde, respectivement :
wy ¢ faisceau "laser" ;
w2 : faisceau "Stokes™.
*
F
e ol
- e
b4 . oF
] i?#\ ANE =
w3
AT l ar
AS

Figure 2 - Schéma des voies signal et référence :
AS : diaphragme translatable pour le fonctionnement en faisceaux
confondus ou BOXCARS (disposition BOXCARS représentée) :
AT : atténuateurs réglables ;
DF : filtres dichroiques ;
M : monochromateur et détecteur ;
RC : cuve de référence.

Figure 3 -~ Vecteurs polarisation des champs électriques dans la zone focale. On suppose
une propagation en ondes planes quasj-colinéaires.
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Figure 4

Figure 5

Pigure 6

é +90° 0

17-1%

-180°¢

- Perspective et lignes de niveau pour l'amplitude de polarisation anti-Stokes
en fonction de 8 et ¥ . En raison des symétries, nous n'avons figuré la pers-
pective que pour 0 < ¢ < 7/2 et-T/2 < 8 < ®/2 avec des incréments de 2° en
8. Les courbes de niveau sont données pour - 180°< 8 < 0, 0 < ¢ < 180°. La
puissance anti-Stokes est proportionnelle au carré de cette amplitude.

- Une des configurations possibles pour un signal maximum en BOXCARS.

- Arrangement BOXCARS avec élimination du fond non résonnant : on figure les
sections droites des faisceaux et leur polarisation dans les plans de la len-
tille de focalisation (& gauche) et de recollimation (& droite) dans la voie
de 1l'échantillon ; la direction de polarisation du faisceau recueilli & w,
est choisie grice & GT (figure 2). On n'effectue pas de filtrage de polari-
sation dans le canal de référence.
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Signal anti-Stokes

Angle entre (es faisceaux (urad)

Figure 7 -~ Signal DRASC obtenu en fonction

de l'angle entre les faisceaux laser et
Stokes (arrangement colinéaire).

304!VP;/P;“

20

10
Figure 8 - Spectres du (0, de 1'air obtenus en fais-
ceaux croisés (BOXCARS) (a) avec élimination du
fond non t ; (b) avec polarisation parallé- 0
les. P; et P, sont les puissances anti-Stokes
signal et référence respectivement. Les échelles 100
verticales sont arbitraires.
(b}
80 ,\/J\—N\J —t 1Ccm -
80

ey 7Pam

CO, de I'air
Moyenne de 10 spectres

°
10 N° du cenet 100

P -
Wewylom™h 13882

Figure 9 - Spectre pris dans les conditions
de la figure 8a avec analyseur optique multi-
canal et faisceaux colindaires.
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Pigure 10 - Schéma du gpectrométre DRASC
résonnant :

: filtre
: miroir
: filtre
: étalon
: filtre

dichroique :
dichroique :
coloré ;

Fabry Pérot :
interférentiel :

)’

: réseau :

: monochromateur et détecteur

: expanseur de faisceau a prismes :
: cuve de référence :;

: cuve A échantillons.

ninzoNIuES

—
+
—
> 4

\
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(b) {c)

Figure 11 - Diagramme des niveaux d'énergie repré-
sentant les états qui contribuent A la DRASC ré-
sonnante dans wne nolécule diatomicue : (a) transi-
tion vibratiamene fonchnentale (&v = 1) maltée
par w__ ; (b} double résuuuza lectronique

wy = metm3= Gpig {c) trmsitimvibratim

nelle exaltée par Wy : Notons que ces diagrammes

ne reprégentent en aum::cas 1*échange d'énergie
/6_19/, ocontrairement 4 une idée largement ré-
pandue.
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Figqure 13 - Spectre d'absorption de I; pur 3 tem-
i pérature ambiante et 0,3 mb /22/.
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Figure 14 - Vue du foyer allumé. Le spectrome- Figure 15 - Vue d'ensemble de 1'installation.
tre DRASC est enfermé dans le coffre en contre

plaqué (arriére plan):; le monochromateur et le
détecteur de la voie "échantillon” sont visibles
5 gauche.

ey

Figure 16 - Spectre moyen de N; sur 1l‘axe
dans le plan de sortie du foyer: la moyen-
ne de 10 mesures est prise en chaque point.
Le traitement des dormdes est effectué avec
les constantes spectroscopiques de Gilson
/25/ et les valeurs de largeur de raie de
Owyoung /26/.
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Figure 17 - Spectre moyen de CO, relevé au méme point que la figure 16 : la moyenne de 6
mesures est prise en chaque point. Aucun calcul numérique n'a été effectué
sur ces spectres de (0; : la concentration de CO, mesurée par prélévement

est de 3,36 X. Nous en déduisons que notre gensibilité de détection est de
1000 ppm environ pour ces conditions expérimentales.

o

nwﬁml“ 180

Figure 1§ - Spectre multiplex relevé en une geule impulsion dans une flamme de bougie au
voisinage de la raie de CO, & 1388 cm~'. Les échelles sont les mémes que pour

la figure 9. Le gain de l'étage amplificateur du vidicon est commandé par un
générateur 4'impulsions pour éliminer le fond lumineux de la flamme
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DISCUSSION

D.A.Greenhalgh. UK

By recording your spectra on a logarithmic scale, do you not cause a bias when fitting due to poor photon statistics
in the low signal channels?

Author’s Reply

We use a logarithmic scale when we work with a thin dye laser spectrum. In this case. the signal 1s strong enough to
get 10° to 10* photoelectron counts in each location of the spectrum (by playing with neutral attenuators) so that
the accuracy is nearly the same everywhere. Your comment is true for multiplex CARS tn which the number of
photnelectron counts is limited due to the dynamics of the ISIT detector. In that case we use a linear scale.

A.Eckbreth. US

The change in the nonresonant susceptibility you report for the turbojet combustor is probably due to the change in
composition accompanying combustion. In preliminary experiments at our laboratory we have measured the non-
resonant susceptibility of water vapour and have found it to be comparable to that of methane, that is, two to three

times that of nitrogen. The increase in susceptibility you report is probably due to the water vapour concentration
in the exhaust. Would you agree with that?

Author’s Reply
Yes, | agree with you.
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Investigations of Coherent Anti-Stokes Raman Spectroscopy (CARS)
for Practical Combustion Diagnostics

by

Alan C. Eckbreth, Robert J. Hall and John A. Shirley
Senior Research Scientigts
United Technologies Research Center
East Hartford, Connecticut 06108, U.S.A.

SUMMARY

Coherent anti-Stokes Raman spectroscopy (CARS) appears very promising for the remote,
spatially-and temporally-precise probing of instrumentally hostile combustion environ-
ments due to its large signal conversion efficiency and coherent signal nature. CAPS
is a wave mixing process wherein incident laser beams at frequencies w; and «,, with a
frequency difference appropriate to the molecular species being probed, inter%ct to
generate a coherent signal at frequency v, = 2w; - wy. By analyzing the spectral distri-
bution of the CARS signal, temperature megsurements can be performed. Species concentra-
tion measurements derive from the intensity of the CARS radiation or, in certain cases,
from its spectral shape. CARS spectra have beer recorded in a variety of flames from
Np,0,,C0, HZ,H 0, co, and CH, and, for the first five generzlly show very good apreement
with computer gynthesized spectra. Quite significantly,CAPS has been successfully demon-
strated with both liquid and gaseous fuels in the primary zone and exhaust of practical
combustors. Although thermometry has received the major emphasis, species concentration
measurements have been performed for Hy, 02, and CO.

1. INTRODUCTION

Spatially-precise laser spectroscopy offers the potential for the remote, non-per-
turbing, in-situ measurement of temperature and species concentrations in combustion
processes. Laser techniques are capable of high temporal resolution, although compromises
in spatial and/or temporal scale may be necessary in certain measurement applications or
parameter ranges. Three approaches, which are inherently spatially and temporally precise,
have received much attention in the last several years, namely, spontaneous Raman scat-
tering, coherent anti-Stokes Raman spectroscopy (CARS) and laser-induced fluorescence
(Ref.1). For the most part, Raman scattering and CARS are best suited to thermometry and
major species concentration measurements, while laser-induced fluorescence is applicable
to measurement of flame radicals at trace levels. Raman scattering and laser-induced
fluorescence are incoherent scattering processes wherein the generated signal is dis-
persed into essentially 4m sr. CARS 1s a coherent wave-mixing process in which the signal
emerges as a laser-like beam in a precise direction.

Raman scattering has been widely investigated and is highly developed and understood
(Refs.2,3). However, due to its inherent weakness, it is generally limited to applica-
tion in relatively 'clean" flames. With increases in fuel droplet/fragment and soot
concentrations, laser-induced interferences, e.g. fluorescences (Ref.4), incandescences
(Ref.5), can exceed and mask detection of the Raman signals, often by orders of magnitude.
With greater emphasis being directed toward less clean, alternate fuels, stronger diag-
nostic techniques are required which can operate over a broad range of fuel specifica-
tions, stoichiometries and combustion approaches. Both CARS and laser-induced fluores-
cence appear to possess this capability (Ref. 1), but only CARS has been demonstrated to
date in practical combustion environments (Refs.6-9). The two techniques are complewen-
tary in regard to their capabilities and have been under development in our (Ref.10) and
other laboratories for several years. In this paper, the focus will be restricted to
CARS due to space limitations and its potential for near-term practicel utilization.

The next section of the paper summarizes the theory and application of CARS for combustion
diagnostics. Succeeding sectionssurvey the use of CARS for temperature and species con-
centration measurements in a varlety of flame and combustion systems.

2. COHERENT ANTI-STOKES RAMAN SPECTROSCOPY (CARS)

Coherent anti-Stokes Raman spectroscopy (CARS) is capable of the diagnostic probing
of high interference environments due to its high signal conversion efficiency and coherent
signal behavior. CARS signal levels are often orders of magnitude stronger than those
produced by spontaneous Rsman scattering. Its coherent character means that all of the
generated signal can be collected, and over such a small solid anple that collection of
interferences is greatly minimized. CARS thus offers signal to interference ratio im-
provements of many orders of magnitude over spontanecus Ramsn scattering and appears
capable of probing practical combustion environments over a broad operational range. In
experiments at our laboratory and elsewhere, CARS has been successfully demonstrated in
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practical combustion situations. With such ''real world" demonstrations., one might
anticipate CARS to see widespread practical utilization in the coming vears

The theory and application of CARS are well explained in several reviews which have
appeared recently (Refs. 1,11-14). Briefly, as illustrated in Fig. 1, incident laser
beams at frequencies w, and ., (often termed the pump and Stokes beams respectivelv)
interact through the :%ird order nonlinear susceptibility of the medium.

’§%ll ('“3'“1'“1' 'wz). to generate a polarization field which rroduces coherent

radiation at frequency wq= 2m1‘w2- It is for this reason that CARS is often referred to
as "three wave mixing'. When the frequencv difference (.y-.,) is close to the freguencw
of a Raman active resonance, «_, the masgnitude of the radiation at .., then at the anti-
Stokes frequencv relative to wyo i.e. at wytu,, can become very largg. Large enough,
for example, that with the experimental arrangement described herein, the CARS signals
from room air N, cr 0, are readily visible. By third order is meant that the polariza-
tion exhibits a"cubic dependence on the optical electric field strength. 1In isotropic
media such as gases, the third order susceptibility is actually the lowest order non-
linearity exhibited,i.e due to symmetry considerations, second order effects are non-
existent. The third order nonlinear susceptibility tensor is of fourth rank. The
subscripts denote the polarization orientation of the four fields in the order lisred
parenthetically. 1In isotropic media, the tensor must be invariant to all spatial
symmetry transformations and the 81 tensor elements reduce to just three independent

components, and x where x In CARS, which is

X X - x +x +x
frequency degéXZ¥étefy§iyxy ‘x::§§ and the¥& 4re §X¥§ twgyfxdepe§§§Xt elements.

The susceptibility consists of resonant components from transitions in the species
of interest and, unfortunately, a nonresonant, electronic contribution from all of the
molecular constituents present. For very low concentrations, the ''signal', i.e. the
resonant terms, merges intc essentially a baseline level derived from the nonresonant
background susceptibility. When the modulation of this background becomes undetectable,
the trace species is nominally no longer measurable. At one time, this was perceived to
be a major limitation to CARS diagnostics. However, the resonant and nonresonant terms
contribute differently to the susceptibility components. By proper orientation of the
laser field and CARS detection polarizations, the nonresonant electronic contributions
can be cancelled permitting measurements to lower concentrations providing the signal
level is adequate. In certain concentration ranges, the presence of the nonresonant
susceptibility can actually be used to advantage. As long as the background modulation
is detectable, concentration measuremenis can actually be made from the shape of the
CARS spectrum, a unique feature of CARS spectroscopy. Both of these aspects will be
subsequently demonstrated in CO and 02,

(a)

o APPROACH
CARS. w3
] Rz
-
DN Bl ey
(b} ;‘. ;‘. :
© ENERGY LEVEL O\MORAM :‘L -
k2 k3
VIATUAL STATES
MOLECULAR ENERGY 3]

STATES

o PECTARUM

Fig. 2 CARS phase-matching
J approaches: (a) general.
- - - (b) collinear. (c) crossed-
' ! ARk <2 beam or BOXCARS.

th permission
Fig. 1 CARS - Coherent anti-Stokes Raman Spectroscopy. Reprinted with p

(Ref. 16)




Measurements of medium properties are performed from the shape of the spectral
signature and/or intensity of the CAKS radiation. The CARS spectrum can be generated
in either one of two ways. The conventional approach is to employ a narrowband Stokes
source which is scanned to generate the CARS spectrum piccewise. This approach
provides high spectral resolution and strong signals and eliminates the need for a
spectrometer. However, for nonstationary and turbulent combustion diagnostics, it is
not appropriate due to the nonlinear behavior of CARS on temperature and densitwv.
Generating the spectrum piecewise in the presence of large density and temperature
fluctuations leads to distorted signatures weighted toward the high densitv, low tempera-
ture excursions from which true medium averages cannot be obtained. The alternate
approach (Ref.15) used here is to employ a broadband Stokes source as depicted in Fie. [.
This leads to weaker signals but generates the entire CARS spectrum with each pulse
permitting, in principle, instantaneous measurements of medium properties. Repeating
these measurements a statistically significant number of times will permit determiration
of the probability density function (pdf) from which true medium averages and the mapnitude
of turbulent fluctuations can be ascertained.

For efficient signal generation, the incident beams must be so aligned that the three
wave mixing process is properly phased. The general phase-matching diagram for three
wave mixing as seen in Fig. 2 requires that 2R1=§2+E3. k; is the wave vector at frequency
v: with absolute magnitude equal to oy ny/c, where ¢ is tée speed of light, and ny. the
refractive index at fregquency v . Since gases are virtually cispersionless, i.e., the
refractive index is nearly invariant with frequency, the photon energyv conservation
condition ¥3=2wj-v, indicates that phase matching occurs when the input laser beams are
aligned parallel or collinear to each other. In many diagnostic circumstances. collinear
phase matching leads to poor and ambiguous spatial resolution because the CARS radiation
undergoes an integrative growth process. This difficulty is circumvented by employing
crossed-beam phase matching, such as BOXCARS (Ref.16), or a variation thereof (Refs.17-19).
In these approaches, the pump beam is split into two components which, together with the
Stokes beam, are crossed at a point to generate the CARS signal. CARS generation occurs
only where all three beams intersect and very high spatial precision is possible.

CARS spectra are more complicated than spontaneous Raman spectra which are an
incoherent addition of a multiplicity of transitions. CARS spectra can exhibit
constructive and destructive interference effects. Constructive interferences occur
from contributions made from neighboring resonances. the strength of the coupling being
dependent on the energy separation of the adjacent resonances and on the Raman linewidth
which together determine the degree of overlap. Destructive interferences occur when
resonant transitions interfere with each other or with the nonresonant background signal
contributions of electrons and remote resonances. For most molecules of combustion

interest, these effects can be readily handled numerically since the physics describing
CARS generation is fairly well understood. At UTRC, CARS computer codes have been
developed and validated experimentally for the diatomic molecules, N,, H,,CO and 0,
(Ref. 20) and one triatomic H,0 (Ref. 21). Computer codes are extremely useful for
studying the parametric behavior of CARS spectra and, when validated, for actual data
reduction.

Although CARS has no threshold per se and can be generated with cw laser sources,
high intensity pulsed laser sources are required for most gas phase and flame diagnostics
to generate CARS signals well in excess of the various sources of interference and with
good photon statistics, particularly with broadband generation and detection (Ref.l).

In the CARS work to be reported, a frequency-doubled neodymium laser provides the pump
beam and drives the broadband Stokes dye laser as well as seen in Fig. 3. The laser
actually emits two beams at the neodymium second harmonic by sequentially doubling the
primary and residual 1.06u “rcm the first fgequency doubler. The primary beam, 2u, is
typically about 2W, i.e. 200 mJ pulses, 10°° sec pulse duration, at 10Hz, and the
secondary, 2«', about an order of magnitude lower. Various dyes and concentrations
flowing through spectrophotometer cells are employed to generate Stokes wavelengths
appropriate to the molecule being probed. Crossed-beam phase matching (BOXCARS) is
used to ensure good spatial precision. The CARS signatures are dispersed in a 0.6 or
1-m spectrograph and detected with an optical multichannel analyzer (OMA) which permits
capture of the entire CARS spectrum in a single pulse. In laminar flames and situations
where fluctuation magnitudes are small, the CARS spectrum can be averaged on the OMA

or scanned with the monochromator using a boxcar averager. Greater detail about the
apparatus and procedures employed may be found in (Refs. 22,23).

3. THERMOMETRY

Temperature measurements derive from the spectral shape of the CARS signature.
Because of this, thermometry is more easily performed than concentration measurements,
which generally, but not always, require determination of absolute signal intensity
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levels. Temperature information can be extracted from any of a number of molecular
constituents. In this section CARS thermometry from several molecules in a number of
different measurement situations will be illustrated.

Nitrogen -Nitrogen is the dominant constituent in airfed combustion processes and
is present in large concentrations despite the extent of chemical reaction. Performing
temperature measurements from Ny provides information on the location of the combustion
heat release and, to some degree, the extent of chemical reaction. 1In Fig. 4 is dis-
played the calculated temperature dependence of the N, CARS spectrum computed for
parameters coiresponding to the experimental approach employed here, l1.e,80y = 0.8 cm”
2wy = 130 em™, 1.00 em™! spectral resolution. In the calculations, a constant Raman
linewidth of 0.1 cm~! was employed. A description of the computer code employed is
summarized in Ref. 20. At low temperatures, one sees the v=0+1 band containing low J
value Q branch transitions, i.e. 4J=0, where J is the rotational quantum number. As is
apparent the low J Q branches are unresolved. As the temperature increases, the band
broadens as the rotational population distribution spreads out due to the vibration-
rotation interaction, ag J(J+1). At very high temperatures, the spreading of the band
is sufficiently large to permit the resolution of the individual even J Q branches,
ranging from Q(20) to Q(40). The odd Q branches, which have a nuclear spin weighting
equal to half of the even numbered branches, are reduced in intensity by about a factor
of four and do not stand out. At intermediate temperatures, fewer Q branch transitions
are resolvable. For Q branches beyond Q(40), overlap with the v=1-+2 band transitions
occurs giving rise to two prominent peaks in the "hot'" band. At lower spectral resolu-
tion, e.g. ~ 3 cm~l, the fine structure shown in Fig. 4 is lost, but the spectra still
exhibit fine temperature sensitivity. Ref.22 contains calculated N, CARS spectra at
2.7 cm™ " spectral resolution in 100 K increments from 1500 to 2600°R.

1

The accuracy of CARS N, thermometry has been examined in premixed flat flames by
comparison with radiation-Corrected, coated, fine wire thermocouples (Ref.20,22). The
radiation corrections were experimentally calibrated at different flame temperatures
by sodium line reversal. In Fig. 5, the CARS spectrum scanned at a resolution of 1 cm-l
in a 2110°K flame {s displayed. The dotted curve shown in the computer synthesized
spectrum at 2150°K which yielded the best agreement with the experimental scan. As seen,
fairly good agreement with the experimental trace was obtained. Similar agreement, i.e.
~ 40 K, was also obtained at lower flame temperatures.

In Refs. 22-24, the capability of CARS for use in highly sooting flames was demon-
strated. Although incoherent and coherent interferences from C, were encountered in the
N, CARS bands from a 5320 £ pump laser (Ref. 23), they were for the most part suppressible
by appropriate Stokes laser bandwidth gelection and use of a polarization filter. The C
is produced by the laser vaporization of soot which occurs even for 0 (10-8 gec) duration
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laser pulses. 1In Fig. 6 both a single pulse (lo'ssec) and an averaged N- (aRS spectrum
from a highly sooting, laminar propane diffusion flame are displaved for a spatial
resolution of 0.3 x 1 mm. The spectra are interference free and of high qualitv. The
single pulse CARS spectrum is possible at laser energies an order of magnitude lower t'.an
those typically employed for single pulse spontaneous Raman scattering Furthermore, in
this sooting flame situation, laser modulated particulate incandescence (Ref.5) would
exceed the Raman signal by several orders of magnitude precluding successful measurements
In a turbulent flame, such single pulse temperature measurements, for a statistically
significant sample, would lead to determination of the temperature probability distri-
bution function (pdf) from which fluctuation magnitudes and true time averaged tempera-
tures could be obtained. Data such as those displayed in Fig. 6 have been employed to
perform detailed axial and radial temperature surveys in laminar propane diffusion flames
(Ref.25). Figure 7 displays the axial variation of temperature in the sooting flame with
height above the burner.

Recently, as mentioned earlier, the feasibility of CARS for measurements in practical
combustion systems has been demonstrated. In tests at our laboratory (Ref. 9), BOXCARS
thermometry was performed in two different, liquid-fueled combustors housed in a 50-cm
dia. combustion tunnel. Delicate instrumentation was housed in a control room adjacent to
the burner test cell and the CARS signals were piped out employing 20m long, 60. dia.
fiber optic guides (Ref.26). 1In Fig. 8 are shown CARS signatures of N, averaged for 10 sec.
at two different axial locations in the primary zone of a Jet A fueled swirl burner. At
the upstream, x=6cm, location, CARS measurements were made through the fuel spray and the
temperature was found to be about 900°K for an overall equivalence ratio of 0.8. At the
downstream location, where the flame was visually very luminous, tge temperature increased
to 1500°K. 1In Fig. 9 is shown a comparison of a single pulse (10 “sec) and averaged CARS
spectrum (10 sec) in the Jet A fueled swirl burner fitted with a refractory back wall to
simulate a furnace more closely. The single pulse, although of slightly lower quality, is
fairly good and would permit creditable measurements. Measurements were also successfully
performed in the exhaust of a JT-12 combustor burning Jet A. 1In Fig. 10, CARS signatures
display the operational temperature variation in the exhaust 13 cm from the can exit plane.
These spectra were actually attenuated by an order of magnitude to maintain detector
linearity. Single pulse spectra were virtually undiscernable from the averaged data shown
in Fig. 10 (Refs.9,10). CARS measurements further downstream in the exhaust were in very
good agreement, i.e. 10-50°k, with temperatures determined by aspirating thermocouple
probes.

Hydrogen H,, when sbundant enough, is ideal for combustion thermometry because of the
simplicity of its spectrum as seen in the computer calculations of Fig. 11 (Ref. 27). The
line spectra, labelled Q(J) are components of the vibrational Q branch, v=0+1, .J=0. The
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adjacent rotational components are well separated due to the strong vibration-ratation
interaction in H, making the spectrum particularly simple to calculate. The intensitv
alteration between even and odd ] lines stems from the nuclear spin degeneracv in H, in
which the odd lines have three times the weighting of the even numbered *ransitions® Ir
Fig. 12, experimental H, BOXCARS signatures are displayed at various locations through a
flat H,y-air diffusion f{ame (Ref. 28). Approximate temperatures are indicated which were
deduced frm the ratios of the CARS intensities among the Q(l), Q(3) and Q(5; transitions
Agreement among the temperatures deduced from the three intensity ratios was good, i.e.

the standard deviation varied from 2 to 8 percent over the range of 9C0°K o 2106YK. In
this regard, better accuracy would probably result from using ratios of integrated line
strengths instead of just the peak intensities. The results of temperature profiling the
flat diffusion flame are shown in Tig 13 where temperatures deduced from H, and Oj CARS
spectra are compared tc measurements with a radiation corrected thermocouple. The CARS
spectrum of 02, omitting spectrosccpic details, is qualitatively quite similar to that of
Ny. The temperatures agree quite weil in cooler regions of the flame. Larger discrepancies
occur at the higher temperatures where the concentrations are low and signal to noise ratio
is poorer. By spectrally integrating the H, spectra and comparing the integrated intensity
to that generated simulataneously from a high pressure gas cell in a parallel reference leg,
density measurements have been made in the flat diffusion flame. These compare fairly well,
i.e. ~ 50%, with Hy concentrations measured by spontaneous Raman scattering.

Water Vapor Water vapor is the major product of airfed hydrogen combustion and often
the dominant product species of hydrocarbon-fueled combustion. Its measurement is an
important gauge of the extent of chemical reaction ang of overall combustion efficiency.
Figure l4a displays the scanned CARS spectrum at lcm™* resolution of H,0 vapor in the post-
flame region of an atmospheric pressure, premixed CH,/air flame at 167§°K (Ref.21). Of
particular note is the breadth of the spectrum at flame temperatures. In Fig. 14b is shown
the CARS computer code prediction for the experimental conditions. While only the
symmetrical mode of H,0 is Raman active, the involved rotational energy level structure of
this asymmetric rotor gives rise to a complex CARS signature. Each rotational quantum state
J possesses 2J + 1 sublevels corresponding to values of the pseudo quantum number t in the
range -J<t<J. If all possible transitions obeying the Raman selection rules are considered,
approximately (5/4) (J+1)2 transitions would have to be taken into account for each value of
J possessing significant population. Fortunately, only isotropic Q-branch transitions turn
out to be important due to the very small depolarization (< 0.06) of the vy mode. Isotropic
Q-branch scattering obeys the simplified selection rules AJ=0, Ar=0. The peaks in the H,0
spectrum arise from spectral overlaps of the 1 states belonging to neighboring J states.

In particular, the dominant peak at 22433 em~l results from the near coincidence of the J
transitions 9_5, 10_10 and 10_4 of the fundamental ¢000-100) with a small contribution from
the 4_; of the 010-110 band. %he agreement between the experimental and theoretical spectra
is fairly good, although the theory does not account for the strength of the strongest peak.
This and a few other quantitative discrepancies concerning peak heights may be due to
insufficient knowlege of the Raman linewidths. It is also interesting to note that because
of the relatively large spontaneous Raman cross section for Hp0, there is little inter-
ference from the background nonresonant susceptibility at the 10 percent Hy0 concentration
level. For a background susceptibility approximately equal to that of Nj, the Hy0 CARS
spectrum should be relatively interference-free down to the few percent level.

In Fig. 15 the computed temperature sensitivity of the H,0 CARS spectrum is displayed.
As seen the predicted spectra exhibit a pronounced sensitivity to temperature as the
rotational population distributions shifts and broadens. The possibility of performing
temperature measurements from the CARS spectrum of water vapor thus appears very promising.
Due to the many rotational transitions involved at flame temperatures, thermometry would
most likely be quite accurate.

Carbon Dixoide The other major product of hydrocarbon combustion besides water vapor
is of course carbon dioxide. In Fig. 16 {s shown the CARS spectrum of CO, in the postflame
zone of a C0/0, flame at 1360°K. The spectrum was recorded in the 1200-1460 em~! Fermi
resonance region and bands arising from vibrational transitions between energy levels vy
va, 1, v4, r are labelled. In this notation vy, v2, and v; are the quantum numbers
respectively of the symmetric, bending and asymmetric stretching modes; 1 is the angular
momentum quantum number associated with the bending mode; r is a number that identifies
the level within the group of vy + 1 levels which are in Fermi resonance. Also shown as
the inset is the region of larger frequency shift in a flame at 1274°K. Unlike the other
spectra presented earlier, there is little rotational smearing of the vibrational transi-
tions, even at flame temperatures, due to the extremely small vibration-rotational inter-
action in COj;. Some of the levels labelled have been previously identified in spontaneocus
Raman studies (Ref.29), however, other transitions corresponding to these frequency shifts
also should be Raman active. These transitions are indicated by interogatories. In all
cases, the contributions of these levels, although smaller than the major transitions, could
be significant particularly at flame temperatures. At present, we have not yet modelled the
CARS spectrum of COz, although it too should be attractive for thermometry.
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4. CONCENTRATION MEASUREMENTS

In general, concentration information derives from the intensity of the spectrally
integrated CARS signal (Ref. 30). As alluded to earlier, species detection sensitivity
is limited for conventional CARS approaches, i.e. aligned polarizations, due to the
presence of the background nonresonant susceptibility. This situation is quite evident
in the computer calculations for 0, at 2000°K shown in Fig. 17. Similar calculations for
CO my be found in Refs. 20, 23. The CARS spectrum at 207 concentration rises well out of
the nonresonant background, only slightly evident, and the hot band, v=1+2 transitioms,
is quite prominent. As the concentration decreases, significant modulation of the non-
resonant background occurs; however, the depth of the modulation becomes less with de-
creasing 0, concentrations. At 1% concentration, the modulation depth is only 10%. To
the extent that the nonresonant susceptibility is known or can be approximated, the
concentration of a particular species can be obtained from the shape of the CARS spectrum
obviating the requirement for absolute intensity measurements. The concentration range
appropriate to spectral curve fitting for concentration measurements will vary from molecule
to molecule and upon gas composition and temperature. For molecules with closely spaced
rotational transitions such as CO, 0; and N, and at flame temperatures, the range is
approximately between 0.1 and 20 percent. %his approach has been quantitatively verified
in the case of CO (Ref. 23). Figure 18 displays examples of low concentration 0, spectra
from a flat Hy-air diffusion flame, which have been employed to map 0, decay through the
flame (Ref.27).

For concentration measurements at lower levels or for measurements over a wide density
range, the background nonresonant susceptibility can be cancelled by appropriately
orienting the laser field and CARS detection polarizations (Refs.31-33). Unfortunately,
this approach leads to a loss in signal intensity by, at least,a factor of sixteen. Number
densities are then obtained from the strength of the spectrally integrated signal after
appropriate calibration. 1In Fig. 19, background susceptibility cancellation is demon-~
strated for CO in a flat CO-air diffusion flame. Folded, i.e. nonplanar, BOXCARS was
employed as well as broadband gemeration and detection. With aligned polarizations, the
typically observed modulated type of CARS gpectrum was obtained. By orienting the w; pump
fields at 60° and the CARS snalyzer st 120 to the horizontally polarized wg Stokes field,
the nonresonant susceptibility was reduced by over two orders of magnitude and the back-
ground free CARS spectrum of CO was observed as seen.

Since virtually all hydrocarbon fuels are Raman active (Ref.34) and often with large
cross sections, CARS can {in principle be used to monitor fuel mixing and pyrolysis
processes. Other than observing CARS spectra of hydrocarbons in flames (Refs. 7,35), little
work of a quantitative nature has been reported although this should be a fruitful area for
future investigations.
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DISCUSSION

V. Wittmer, Gie
Are you able to measure with the presento! technique (CARS) fluctuating quantities (for example. temperature.
concentration)?

Author’s Reply
For most combustion applications at moderate pressures, for example, one to forty atmospheres, high intensity
laser sources are required which operate typically at ten to twenty pulses per second. Thus we are restricted to
statistically sampling the turbulence, that is, measuring probability density functions. At very high pressures. greater
than 103 atmospheres typical of some ballistic propellant applications, it may be possible to use sources with pulse
repetition rates of the order of 10* Hz permitting near real time resolution of some events.

M_Pealst, Fr
Has the H, spectrum been recorded by multiplex CARS and, in this case, how can you obtain a dye laser spectrum
broad enough to extend from the Q (0) and the Q (4) lines of H, ?

Author’s Reply
Yes, the H; spectrum was obtained using a broad-band dye laser. To obtain efficient laser operation at about
6800 A required to excite H,, we use 2 binary dye mixture to increase the absorption of the frequency-doubled
neodymium laser. In general, binary mixtures lead to broader Stokes bandwidths. In the H, spectrum, we take
into account the shape of the Stokes laser in the computer calculations. Experimentally, the Q (1) to Q (5) lines
reside within the full width at half height of the dye spectrum.

M.Lapp, US
The agreement of your CARS experimental spectra with theory appears to be quite good. Concerning the strong
peak seen in the H, O vapour contour, R.L. St. Peters (C E.C. Rusearch and Development, Schenectady) has
completed a theoretical study recently which shows agreement with that peak strength. This work was completed
under an AFAPL contract and will be published soon.

Author’s Reply
We intend to pursue a more thorough experimental validation of our H,O computer code from 400K to 2000K later
this year. We would clearly be interested in receiving a copy of your report when it is available.

K.Kohse-Hoinghaus, Ge
I should like to ask two questions.

(1) Can you say something about the chance of measuring hydrocarbons with CARS?

(2) Could you please comment on the feasibility of other non-linear optical techniques for temperature and
concentration measurements in combustion processes?

Author’s Reply
(1) Most hydrocarbons have fairly strong Raman cross sections and potentially appear amenable to diagnostics by
CARS. Furthermore, the characteristic C-H vibrational frequencies are well enough separated for various
hydrocarbons for them to be separately monitored. Hence one may be able to study fuel pyrolysis using
CARS. CARS may also be useful as a total hydrocarbon monitor by spectrally integrating over thr ¢ntire C-H
region. However, considerable work is required in this area before these potentialities can be realisea.

(2) Besides CARS I think stimulated Raman gain spectroscopy (SRG) is the only other viable alternative for
combustion diagnostics. At low pressures, about one to twenty atmospheres, the technique is restricted to
laminar flames primarily because the gains are too low for the technique to be multipicxed, that is, single
shot data capture. At high pressures, the technique looks quite attractive because the gains are large enough
for “instantaneous” measurements. In fact it may be preferable to CARS at high pressures where pump laser
intensities are limited, not because of optical breakdown considerations but to avoid Raman gain perturbation
of the Stokes field. In any event, one uses the same laser and detection equipment for muitiplex CARS or
SRG and hence, can use whichever technique is preferable in a given pressure regime.

D.A.Gmlﬂl*ho UK
(1) What level of intensification do you use on your multi-channel detector?

(2) How do you see photon statistics affecting the accuracy of a ‘single shot’ measurement in a practical
combustor?

-

A har T,
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Comment- Raman gain spectroscopy (RGS) has marginally better performance in terms of window attenuation and
may be better for concentration measurements because RGS has a linear dependence and not a squared
dependence on concentration.

Author’s Reply
(1) We have always used an SIT tube, a vidicon with a single intensifier stage. One advantage of performing CARS
with a frequency-doubled ND:YAG laser (5320 A) is that there is virtually no difference 1n sensitivity between
a singly (SIT) and doublv intensified (ISIT) vidicon.

(2) Yes, in the single shot spectrum form the swirl burner that | showed there were about fifty countsn the hot
band peak, in a narfow spectral interval. This leads to a peak height ratio uncertainty of about t 147 or a
temperature uncertainty of about t+ 100 K. [In a situation like this it would be preferable to contour fit the
entire spectrum instead of using simple algorithms to extract temperature. In essence, then one is spectrally
averaging to some degree and this would improve the accuracy of a single shot measurement. The goal of single
shot measurements is of course to repeat the measurement a statistically significant number of times to
assemble the probability distribution function. In assembling the PDF, photon statistics are in effect averaged
out and hence | believe the PDF can be obtained with an accuracy better than that of the individual
temperature measurements.

Comment response: Raman gain spectroscopy (SRG) may have a different density dependence than CARS., but the
problem with density measurements in a single shot is the pulse to pulse power fluctuations together with shot
to shot laser steering instabilities. CARS of course scales as I, I3 and depends quite sensitively on alignment.
The gain in SRG varies as the exponential of the pump intensity, [, ., and. for high spatial resolution crossed
beam approaches, would also depend sensitively on alignment. Experimentally I don’t think it would be much
simpler. The density dependencies of the various approaches I believe is primarily a data reduction problem.

W.Stricker, Ge
Why do you pump your dye laser slightly off axis and not transversely which is more common? Has it any influence
on the performance of a CARS experiment?

Author’s Reply
I prefer to pump the dye laser slightly off axis whenever possible because I believe we obtain better mode (beam)
quality from the laser and hence higher Stokes laser intensities in the wave mixing zone. Off-axis pumping is able to
provide high oscillation efficiencies in most dyes in the 6000 to 7000 A region.

G.Winterfeld, Ge
Would it be possible to develop the CARS technique into a single ended apparatus, so that temperature measurements
in turbomachines would be possible?

Author’s Reply
We've given a great deal of thought to that problem. We really do not think that in terms of the physics there is
really any way you can generate a signal in the backward direction. The one point | should make is that in the
practical tunnel work that I did, when the signal emerged from the combustor we focused it into a fibre optic
and we transmitted it to our spectrograph which was remotely located. We foresee, for example, in annular
combustor cans where you might go through air bleed holes in the combustor, to have a very small receiver placed
inside the annular can, with fibre optic transmission of the CARS signal to remotely located instrumentation. In
the near term that would certainly be the approach we would look at.

o
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SUMMARY

A comparison is given here of the capabilities of advanced light-scattering measure-
ment technigues with the needs of new combustion modeling approaches. Such comparisons
are useful in working toward the coupled goals of developing and verifying new flame
models and providing guidance for the development of experimental probe methods along
the most productive paths. The types of experimental data available a e compared with
those often required in combustion modeling, permitting one to asses the present and po-
tential contributions of the techniques. This assessment is illustrated by considera-
tion of some current analytical results based upon Pratt's coalescence/dispersion model,
and by some recent experimental results from Raman scattering diagnostics of turbulent
diffusion flames. The experimental data shown include simultaneously-determined values
of temperature and major species densities, and are presented in the form of pdf's and
density-temperature correlations.

1. INTRODUCTION

The need to better utilize our limited fossil fuel resources has renewed tremendous
interest in the study of combustion phenomena [l]. Such interest centers on both the
experimental understanding of the combustion processes and the development of predictive
methods to calculate the key flow field and thermodynamic variables. The driving force
for this interest arises from the necessity to cope with diverse ("alternate") fuels
possessing variable ("wide spec") properties, requirements for increased efficiency and
greater operational safety along with improved compatibility with engineering materials
and with the environment, and improved cost- and time-saving features in the design, con-
struction, and testing of new combustion devices.

In order to address the technological goals faced by combustor designers, models
must be developed which provide not only design and testing aids, but which also are
directed toward producing new insight into the basic behavior of high temperature chem-
ically reacting flows that can be turbulent and out of chemical or thermal equilibrium,
Turbulence models have been successfully devised for flows with constant fluid proper-
ties [2,3,4]; these have provided the foundation for extension to flows with variable
density and combustion. However, the ability to measure and calculate accurately the
fields of velocity, major species concentration, :emperature, and pollutant concentra-
tion in practical systems, such as gas turbine combustors, internal combustion engines,
industrial furnaces, etc¢., remains limited.

On the experimental side, new data of importance are being generated by advanced
optical techniques only recently developed for flame diagnostics [S5]. These techniques
allow, for the first time, the simultaneous measurement of instantaneous values of the
flow and thermodynamic variables in a combustion environment without either perturbing
the environment or giving rise to discomforting questions concerning probe survivability.
In many cases, several different optical methods can be coupled together with the same 2
general optical access, to provide a more nearly complete picture of the flame system,
and, of course, these can be coupled with other probes (such as sampling devices, optical
imaging techniques, plasma probes, etc.) to provide even more information. These optical
methods have, however, clear limitations. The most important of these relate to the re-
quirements imposed for optical access and the difficulty of obtaining high quality data
from an environment which can be strongly luminous and particle-laden. That these prob-
lems have been overcome in some circumstances is encouraging for the future application
of optical measurement methods to practical test-bed combustors {6]. Of equal importance
is the fact that, ir bench-scale combustors carefully chosen to provide tests of impor-
tant flame properties (such as pollutant formation) under well-controlled laboratory
conditions, data of high quality can be obtained by these new techniques that have the
promise to provide basic information needed by theoreticians in order to make fundamental
improvements in variable density, chemically-reacting flow models [5].

On the theoretical side, development of calculation procedures that can handle time-
dependent flows and three-dimensional geometries is a significant complication, but does
not present insurmountable problems. The major obstacle for combustion modeling, how-
ever, is the difficulty of treating finite rate chemistry, i.e., the problem of evalu-
ating mean formation rates for important species {71. In the next section, we will out-
line the needs and capabilities of turbulent diffusion flame modeling, omitting time-
dependent and three-dimensional effects, but focusing on the key problem of evaluating
mean formation rates. Following this, we will mention various new optical probes suit-
able for flame diagnostics, and then specialize the discussion to a consideration of
vibrational Raman scattering methods which, combined with laser velocimetry, have been
developed as an integrated probe system for determining instantanecus values of flame
temperature, major species density, and flow velocity. Finally, we will compare the
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species density, and flow velocity. Finally, we will compare the needs of modelers with
recently-developed capabilities 1n optical measurement techniques, and assess the present
state-of-the-art.

2. MODELING CAPABILITIES AND NEEDS

In turbulent reactive flow modeling, the mean species conservation equations must
he solved simultaneously with the mean flow equations. Since the mean species conserva-
tion equations have an additional term associated with the mean formation rates of the
species due to chemical reactions, their solutions require a knowledge of the mean forma-
tion rates. The evaluation of these rates represents the main problem 1n combustijon
modeling. This can be seen easily by considering a simple irreversible reaction such
as

ke

A+ B -« C. (1)
The instantaneous formation rate of C (combustion product) may be represented by an equa-
tion of the form

- .2

Rc = kf o mA mB,

where m. is the instantaneous mass fraction of species i, & is the instantaneous mixture
mass deﬁsity expressed by the perfect gas law, and kf is the modified Arrhenius forward
rate constant defined as

(2)

kf = const x TN exp (-Ta/T). (3)

In Eq. (3), T is the instantaneous temperature, T_ is the activation temperature, and

N is a constant. If the reaction occurs in a conBtant mean pressure environment and the
density fluctuation caused by turbulent pressure fluctuations is negligible compared to
density variation due to the temperature change caused by chemical reaction, then with
the help of the perfect gas law, Rc can be written as

= N-2 -
Rc = const x T mAmB exp { Ta/T). (4)

Thus, R_ is a strongly nonlinear function of T, and can, in general, be nonlinear
in mass fractions as well. It follows that the mean value of R , denoted by R_, is there-
fore not equal to the value of R_ that would be evaluated based®on the mean vafues of
T, Mas and m, [8,9]. In more degail, if R is calculated by expanding Eq. (4) according
to Reynolds Eecomposition of an instantaneSus variable (where a prime will be used to
denote the fluctuating part of that variable) and by taking the time-average of the ex-
pansion [8,9], an infinite series results for large activation energies (as would be the
case for the major flame reactions), the leading term of which is given by Eq. (4) with
the instantaneous variables replaced by their time-averaged counterpa:;a, The remaining
infinite series of terms contains products of the form of Tm, mml, T etc. For
R, to be evaluated correctly, an infinite number of these moments cOntaining the vari-

ables T, Mo and my would have to be determined.

The practice in the past is to determine R_ by considering either the first or first
two terms of the expansion. However, this apprSach can lead to erroneous mean formation
rates for some reactions [8,9]. Borghi (8] estimated that, for a wide variety of reac-
tions and chemical species, R can be approximated by considering a finite number of
terms in the expansion (typicglly, seven terms involving eight third-order and lower mom-
ents of T, ma, and mp). The various terms in the expansion, other than the first, can
be determineé by solving simultaneously their governing mean transport equations, which
can be derived through turbulence modeling. As a result, combustion modeling, even of
simple flow systems, is a much more formidable task and much less accurate than the mod-
eling of nonreactive turbulent flows.

2.1 Current Approach to Combustion Modeling. The evaluation of mean formation rates

is so complex that current models are applicable only to systems which can be described
either with the assumption of chemical equilibrium (very fast reaction rates) or in terms
of one or two global finite rate reactions. Since most of the reactions associated with
the high temperature oxidation of hydrocarbon and hydrogen fuels have very short time
scales compared with those characteristic of the turbulence field, the assumption of

fast chemistry is suitable for the study of thege reactions. (Reaction time scales for
these fuels are perhaps of the order of 0.1 ms, while the turbulent time scale is given
by the Kolmogorov microscale which, through dimensional arguments, is found to be pro-
portional to the square root of the kinematic viscosity divided by the dissipation rate [10].
Por thin ghear flows, the Kolmogorov microscale is estimated to be of the order of 10 ms.)
On the other hand, the estimation of unburnt fuel, formation of pollutants such as NO

and CO, and the study of such phenomena as ignition and blowout require consideration

of finite rate reactions.

Pirst, the current approach will be briefly examined for its capabilities and limi-
tations. This approach can only be applied to combustion systems where fuel and oxidant
are injected separately. Under the assumption of fast chemistry, the equilibrium composi-~
tion, temperature, and mixture density can be determined once the elemental mass frac-
tions, enthalpy, and pressure of the system are known. In this case, there is no need
to evaluate the mean formation rates of species and the major difficulty in combustion
modeling is removed. Further assumptions of negligible heat loss to the surroundings
and of species and heat diffusion proceeding at the same rate (i.e., unity Lewis number)
allow the thermodynamic state of the gas to be expressed as a function of a single con-
served scalar variable. A typical choice for the conserved scalar is the mixture frac-
tion, f, defined here as the mass fraction of fuel atoms in the fuel/oxidant mixture.
This parameter can be related to the equivalence ratio, ¢, by
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where r is the stoichiometric mass ratio of oxidant to fuel. The species conservatinn
equations are then reduced to an equation for f and the additional source term vanishes
because f is a conserved scalar.

The current approach involves solving the mean flow equations with the mean conser-
vation equation for f. Closure of the mean governing equations is usually accompiished
through the use of the two-equation turbulence model of Jones and Launder [l1! and the
assumption of a turbulent Schmidt number (ratio of momentum to mass diffusivities) {12,13..
This model requires the simultaneous solution of two additional equations that govern
the transport of mean kinetic energy and its dissipation rate. Through dimensional argu-
ments, the eddy diffusivity of momentum that appears in the mean flow equations can be
related to the mean turbulent kinetic energy and its dissipation rate. Hence, the equa-
tion set is closed. In order to account for the fluctuations (with time) of f, a two-
parameter probability density function (pdf) for f is often assumed. The two parameters

in the pdf are then determined in terms of f and its variance f'z. An equation for £r°
can be derived from the conservation equation for f and suitable closure assumptions [14].
Once the pdf is determined, the mean value and variance of other scalars, $(f), can be
determined from

1
¢ =/ 4(f) P(f) af {6)
]
and 1 .
2 2 2
¢ = J $%(f) P(f) df - &7, (7
0
where the pdf, P(f), must satisfy the conditions
P(f) > O 0 -f <1,
(8)
P(f) = 0 f <0, £f>1,

Various shapes for P(f) (such as rectangular waves, clipped Gaussians, and the 2 - pdf)
have been proposed and tried by a number of investigators [12-16] and the calculated re-
sults compared with the measurements of an H,/air jet diffusion flame [17). Jones [16]

found that the g - pdf gave the best overall“comparison.

The extent to which the current approach can calculate the aerodynamic flow field
depends on the turbulent closure assumptions. If the well-known "two-equation" model [11]
is used, the flow properties that can be calculated include the mean velocity ficld, the
mean turbulent kinetic enerqy, and its dissipation rate., By adupting more advanced con-
cepts, such as a Reynolds stress model [2], the mean Reynolds stress field can be deter-
mined. However, none of these models can assess the importance of such mean quantities
as the one-point correlations between the velocity and mixture density field. These
quantities are of great significance if the question of extending the constant density
turbulence models to reactive flow modeling is to be answered. Assumptions about modeling
these quantities can be avoided if, instead of using Reynolds averaging, the density-
weighted values (i.e., Favre averaging [18]) are used to derive the governing equations.
However, since some optical techniques (such as Raman scattering) that are capable of
providing detailed information for these flames produce data in the form of unweighted
quantities, a comparison of measured and calculated values requires a knowledge of the
density and velocity correlations. Therefore, if these latter quantities can be measured,
some basic questions concerning the extension of the constant density turbulence models
to reactive flow modeling [7,8,12,13,16) can be answered.

Besides the drawbacks discussed above, the main weakness of the current approach
lies in the assumptions used to model the chemical reactions. The model cannot account
for the effects of complex finite rate chemistry. 1Its ability to handle more than one
reaction is limited and it cannot be used to model reactive flows with fuel and oxidant
premixed.

In practical combustion systems, reactions usually occur at what may be considered
finite rates and in multiple steps; this is likely the case for such combustion phenomena
as formation of NO_ [19] and CO, unburnt hydrocarbons, ignition, and blowout. Since a
prime reason for déveloping the ability to calculate the properties of flames is to help
in the design of practical combustion systems, a model is required in which the chemical
reactions are evaluated realistically. Furthermore, it is highly desirable that the
model be able to treat premixed as well as non-premixed fuel/oxidant flows in order to
be applicable to new combustor designs. .

2.2 Alternative Approach to Combustion Modeling. An advanced approach to model combus-
tion correctly can be formulated by applying the coalescence/dispersion model of Pratt [9]
for continuous combustion in jet-stirred reactors to the calculation of turbulent reac-
tive flows. The idea behind this approach is to use a "hybrid" scheme to calculate these
flows. First, the aerodynamic flow field is determined by solving the mean flow equa-
tions closed by an appropriate turbulence model (such as the well-known "two-equation” [11]
or Reynolds stress [2] model). Then the coalescence/dispersion model of Pratt is used

to determine the thermodynamic properties of the reactive flow field. The solution of

the mean flow equations is well documented [11-16]; therefore, we proceed to a brief de-~
scription of Pratt's model.

The coalescence/dispersion model is based on Curl's equation [20] for binary mixing.
The solution of Curl's equation for one-dimensional flow is accomplished through the use
of a "Monte Carlo” simulation technique. With suitable assumptions for the flow and the
coalescence/dispersion (or mixing) frequency, Bt’ the simulation is carried out as fol-
lowa. The reactor is divided into K cells. If there are N discrete fluid particles in
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the reactor, tnen the number of fluid particles in each cell i35 N'K. The fi.:1d parti-le
feed rate into each cell is A N/m where h is the mass flow rate rough the reactor and
m is the total mass 1n the reactor at any moment. For each cell 3 ‘1=i, K:, a discrere
number of particle pairs are selected randomly for mixing so that all conserved proper-
ties of the pair, such as enthalpy, mass concentration of the species, etc., are averagesd.
After mixing, each particle pair assumes the averaged properties thus obtaired, Tre
particle residence time in each cell 1s %t = t_ /K, where t 15 the mean residence time
in the reactor. This, together with = , detarfines the nufier of binary encounters in
each cell; namely, * “t(N/K). Finally, the particles in the cell are allowed tn underg~
adiabatic batch reacEion, using either a chemical equilibrium assumption or finite rate
reaction, as desired. The whole procedure is repeated until the entire process has ne-
come time-stationary. Mean values, as well as the second and higher moments of fluctua-
tions of the thermodynamic state of the gas can be obtained from instantaneous ensemble-
averaging over the reactor population.

This concept of simulating mixing and thereby allowing chemical reactions to be
evaluated numerically can be extended to calculate reactive flows provided a cnrrect
ensemble of scalar elements (such as mixture fraction, elemental mass fractions, enthalpy,
etc.) can be created at every spatial location in the flow field. By an "ensemble of
scalar elements” is meant an ensemble, the elements of which have only scalar properties,
This means that, if a finite difference scheme is used to solve the mean flow equations,
a correct ensemble of scalar elements has to be created for each finite difference cell.
Since the mean transport eguation for the scalar is not solved simultaneously with the
mean flow equations, the creation of a correct ensemble in any finite difference cell
should take into account the effects of the various transport processes; namely, entrain-
ment, convection, diffusion, and local mixing. Once the correct ensemble has been cre-
ated, Pratt's coalescence/dispersion model can be used to calculate the scalar properties
within the ensemble., Since there are no added complexities in the formulation when fi-
nite rate reactions and multiple reaction sets are considered, the ability of the present
approach to handle complex reactive flows is limited only by the availability and reli-
ability of kinetic mechanism and rate data. The question of mean formation rates is by-
passed, because the instantaneous formation rate is calculated and the mean formation
rate can be evaluated by simply ensemble-averaging over the cell population. The pdf's
of the various thermodynamic properties are also available. Therefore, the moments and
cross-moments of the scalars can be calculated and compared with measurements.

From this discussion, it is clear that the "hydrid" scheme can be made to work if
a scalar transport model is formulated to create an ensemble in a finite difference cell
such that the transport processes are fully accounted for. Such a model for two-dimen-
sional/axisymmetric turbulent flows has been formulated and validated with measurements
from non-reactive two-dimensional mixing layers and round jets [21,22]. Good agreement
with measured data was obtained. The extension of the approach to reactive flow calcula-
tion is not difficult if fast chemistry is assumed. If finite rate chemistry is assumed,
the chemical rate equations have to be solved also. Therefore, use of this approach is
not formidable if the reaction mechanisms and rates are known and if an efficient compu-
tational algorithm capable of solving these highly non-linear rate equations is available.

The approach outlined above is similar to an approach in which a transport equation
for the pdf, P(f), is solved together with the mean flow equations. The advantage of
solving an equation for P(f) rather than assuming a shape for P(f) is obvious. Besides
greatly simplifying the calculations, it also eliminates the unpleasant necessity of
having to determine the shape of the pdf by only a finite number of moments of f (usually
two, or at most three). The derivation and closure of the transport equation for P(f)
are given by Janicka et al. [23] and Borghi [24]. Solutions of this equation together
with the mean flow equations have been obtained by Janicka et al. [25], Janicka and Koll-
mann [26], and Pope [27]. Results obtained by Janicka et al. [24) with the assumption
of chemical equilibrium for an H,/air flame compared favorably with the measurements of
Kent and Bilger [13], as did resalts for heated jets [26]. Since Janicka and his co-
workers solved the equation for P(f) using a finite difference scheme, its extension to
finite rate reactions is not immediately obvious. Pope [27) proposed to solve the equa-
tion for P(f) using a "Monte Carlo" simulation scheme and obtained results for the pdf
comparable to those obtained by So et al. [22]. Since then, Pope has also demonstrated
that his approach can be used to calculate reactive flows with finite rate reactions
exactly.

From the above discussion, it follows that the thermodynamic properties can be cal-
culated without approximation in a combustion flow (to within the limit of the input chem-
istry information), as well as the single and joint pdf's of these properties. There-
fore, a combustion experiment with the thermodynamic properties correctly measured will
provide the right data for the verification of these calculation models.

Although the advanced approaches are very powerful in calculating the thermodynamic
properties, the accuracy of these results depend to a large extent on the accuracy with
which the turbulence models can help to resolve the veloccity and turbulence field proper-
ties [22,27]. 1In this sense, these new approaches suffer the same basic weakness as the
current approach, i.e., the key to correct combustion modeling lies in the turbulence
models for variable density flow and not in the chemistry models. It is precisely in
this area that experimental measurements, especially innovative measurements of the ve-
locity and thermodynamic properties of the combustion flow, can help, both in the under-
standing of the physics of combustion and in developing correct modeling procedures for
the combustion flow field. Purther discussion is given in Section 4.

3. LIGHT SCATTERING MEASUREMENT TECHNIQUES

We have just discussed the need for improved temperature, concentration, and veloc-
ity fluctuation data in order to help unravel key questions in turbulent flame modeling;
we discuss now the use of new light scattering probes to provide these data.
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Laser light-scattering measurement teCchniJurs are nOwW 3% tne Stage where trey ~gar
te emplnoyed to determine many of the impnrtant preperties f comn.stinn fiows. In par-
ricular, the use of Raman scattering methods can provide <ata leading to semperas.ire a~4
major species densities for many flames with excellent space and time rescltyinn -- 3=
can, i1n some instances, provide these data 1n correlati=ns that :include needed res;lcs
from other optical probes (such as Rayleigh scattering, laser velocime*ry, etc.,. The
Jeneral compatibility of geometrical access with these other probes leads one *3 the onr-
zlusion that the possibility for integrat.on of several non-intrusive techniques :s a
valuable attribute nf light scattering diagnostics, as 1S their general compatatil:ty
with other forms of optical and solid probe apparatus.

In order to put the major capabilities and limitations of light scattering proces
into perspective, we consider the organization shown in Table I, in which the various
methods are grouped into those based upon elastic.and lnelastic processes. (The elastic
processes are actually slightly inelastic, and, 1n fact, depend upon this inelasticity
for some of the measurement methods. Thuf, direct temperature determinatinns for Rayleign
iine shapes depend upon the line broadening mechanism, but the overall character of these
processes is dominated by the scattered signal being very close In frequency to the source
laser frequency.)

3.1 Elasti~: Scattering Methods. Elastic scattering has been focused, to date, upon the
acquisition of velocity data from light scattered from particles either seeded into the
flow or naturally present, and upon the study of particles that are formed in flames [28].
Among all the probes mentioned in Table I, in fact, only laser velocimeters are available
as commercially-packaged devices. More recently, Rayleigh scattering has been utilized
by Rambach, et al. [29] for temperature measurements in a turbulent diffusion flame for
which the reactant and product gases had Rayleigh scattering cross-sections sufficiently
close in value that valid total density data could be obtained directly from the scatter-
ing intensities. The ideal gas law was then used to relate density to temperature. In
those cases where Rayleigh scattering can produce the desired data (i.e., under condi-
tions where total density can be obtained and is sufficient for the required analyses),
its greater signal strength compared with Raman scattering clearly mitigates in its favor.
(See, for example, analyses by Storm [30) and Robben [31].)

3.2 1Inelastic Scattering Methods: Raman Scattering. Inelastic scattering processes,
that is, scattering which is shifted to a greater or lesser degree from the source laser
line, are tabulated in the second part of Table I. These shifts are characteristic of
the particular molecular species undergoing the scattering process, in its initial state
of excitation. Therefore, these signals correspond to species densities (with, in prin-
ciple, information available about the "population™ temperatures corresponding to the
initial internal mode distribution}.

The characteristic difference between Raman and Rayleigh scattering can be seen by
examination of the classical explanation for these processes. The electric field of the
exciting laser beam distorts the electron clouds of the probed molecules, causing induced
oscillating dipoles, whic: behave such that the induced dipole moments*in the molecules
under study are proportional to the oscillating electric field vector E of the incident
laser beam, with the molecular poldrizability a as the propoctionality factor. These
induced dipoles radiate, therefore, according to the product of the internal mode molec-
ular frequencies (from o) with the frequency of the incident laser beam; thus, scattered
signals result which are unshifted from the laser beam frequency (Rayleigh scattering)
together with signals both up- and down-shifted from this central freguency by amounts
corresponding to the various molecular internal mode frequencies (rotational and vibra-
tional Raman scattering, where shifts to lower frequency are termed Stokes lines or
bands, and shifts to higher freguency, anti-Stokes lines or bands). (See Figure 1. The
vibrational Stokes Q-branch band, shown enlarged in the inset portions of this figure
at ambient and elevated temperatures for the N, molecule, is often used for combustion
measurements. The Q-branch is the strongest p%rt of the vibrational Raman scattering
signature, and corresponds to the sum of those lines for which the vibrational gquantum
number changes by +1, while the rotational gquantum number remains unchanged.)

In addition to specific responses for different species, R3 possesses a response
linear with the test molecule number density ancd independent of other species present.
The response is effectively instantaneous, and useful data can be obtained for source
wide range of species that can be probed includes homonuclear molecules, such as N, and
0,, which do not possess infrared spectra. Remote in situ probing can be accomplighed
w?th good three-dimensional spatial resolution, often to less than 0.1 am3.

The overriding limitation for RS diagnostics is the weakness of the scattered sig-
nal. (See Table I.) However, a wide variety of combustion flow measurements are pos-
sible with modern high-sensitivity detection apparatus and energetic pulsed laser sources
(as well as with cw laser sources with suitable time domain analysis) [32]. In apply-
ing RS techniques to flames, however, it is necessary to be aware of some specific limi-
tations.

Discrimination of the various types of molecules present by RS techniques cannot
always be easily accomplished; spectral interferences can exist and make less definitive
the study of chemical composition, but these are the exception rather than the rule.

For example, detection of CO from its Stokes vibrational Raman Q-branch scattering sig-
nal is difficult in lean hydrocarbon/air flames because of the presence of excess N.,
which possesses an overlapping spectral signature [33]. , (In rich hydrocarbon flames,
however, Setchell [34] has shown that sufficient CO is present to permit utilizing these
techniques.)

Background radiation, either induced by the incident laser beam (such as particle
scattering or incandescence, gas-phase or particulate fluorescense, scattering from test
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cell optical interfaces, etc.) or independent of the beam (such as detector noise, flame
luminosity, etc.) can cause limitations to the experimental accuracy, and can, in severe
circumstances, prevent useful data from being acquired [6,33).

Spatial resoclution can be limited by its trade-off with RS signal accuracy, which
is related to the number of detected photons, and therefore, to the incident laser beam
pulse energy. This pulse energy Q has an ugper bound imposed by causing gas breakdown
perturbations [35]; this occurs for Q = Q*s”, where Q* is the energy density threshold
fgr breakdown and s is the incident beam diameter. Thus, for a given value of Q*, Q and
s are proportional. The value of Q is re}ated to the number of detected photons, and
thus to the experimental accuracy, while s° is a measure of the spatial resolution [33].

3.3 Inelastic Scattering Methods: CARS and Fluorescence. CARS (coherent anti-Stokes
Raman spectroscopy) 1S a nonlinear scattering process possessing great signal strength
compared with spontaneous vibrational and rotational Raman scattering (6,36), and has

developed into a valuable combustion probe since its introduction by Regnier and Taran {37]

in 1973. This technique also possesses species specificity, as can be seen from Figure 2.
The incident beams (pump, ., and Stokes ,.) are focused, in this configuration, rearly
colinearly within the probed volume. When one beam is tuned so that the frequency dif-
ference between the beams is equal to a Raman shift (v = 0 + v = 1) for the test mole-
cules, a third beam at the anti-Stokes frequency, opr of intense strength is produced
along the same line. This CARS beam is shifted to the blue from the pump beam by the
Raman shift frequency, producing a method for detecting specific molecules.

Other configurations of CARS have been developed that free the CARS process from
being essentially colinear; this relaxation of geometric access can be of great impor-
tance for utilization in combustion experiments that possess limited optical viewing.
Phase matching takes place in these modifications with the incident beams being brought
together from different directions. Thus, Eckbreth [38] has developed a two-frequency
approach termed BOXCARS, in which the beams are brought together from three directions
(che for the Stokes beam and two for the pump) in such a fashion that the wave-vectors
of the incident and scattered (anti-Stokes) beams form a boxlike geometry. Compaan and
Chandra [39] have devised a counterpropagating laser beam method involving three incident
frequencies which also shows good promise.

Another innovation of importance for CARS combustion studies is the utilization of
a tunable laser pump beam [40], so that temperature can be determined from single pulsed
laser shots (i.e., from the CARS contours resulting from the interaction of a fixed fre-
quency Stokes beam interacting with the continuous spectrum pump beam).

Since fluorescence is based upon optical absorption by the test molecules, followed
by re-emission (with possible redistribution of the excited state population), molecular
species are distinguishable, once again, from the unique energy level structure of each
molecular species. This technique has been undergoing a period of intense development
in recent years, particularly with regard to application for low density species measure-
ments. A case in point, of considerable interest for combustion research, is the detec-
tion of the OH radical. No Raman scattering measurements have appeared, although a cal-
culation of Raman line intensities for OH has been given [41]. (In Fiqgure 3, we show
a calculated vibrational RS Spectrum for OH as a function of tfmperature. The strongest
part of OH RS scattering occurs at a shift of 3500 to 3600 cm *, in which range H,O vapor
RS possesses sufficient spectral intensity to cause detection problems for OH in Ehe
excess H,0 concentrations found in flames). However, a large number of investigations
of OH lager—induced fluorescence in flames have been undertaken (42-51] which promise
to provide a basis for developing important flame radical diagnostics. Included in this
work is the study of saturation effects in which intense laser sources are used to popu-
late the excited states sufficiently that freedom (or partial freedom) from collisional
quenching effects results.

3.4 Application of Vibrational Raman Scattering Techniques to Flame Measurements. A
wide variety of applications of RS diagnostics to flame research now exists; these are
described in a number of publications. (See, for example, Refs. 5, 6, 32, 33, 52-55.)
In Table I, we have detailed the major approaches taken for vibrational RS efforts ac-
cording to the type of data which can be retrieved {and which has a direct correspondence
to the type of laser source chosen) [32]. These data are divided into major categories
according to their ability to provide characteristic information concerning basic tur-
bulent combustion properties, viz., probability density functions (pdf's), frequency
spectra, and spatial gradient data. In each case, we consider spatially and temporally
well-resolved data, which results in fluid mechanic and/or flame chemistry information
of useful accuracy for comparison with analyses,

The first category (short, energetic, low rep rate laser pulses} corresponds to the
work performed in this laboratory (5,32,56-58] for which pdf's of temperature and major
composition have been obtained, as well as velocity-temperature correlations; these data
will be described in more detail in Sections 3.5 and 3.6. Lederman has also obtained
pdf's and correlations for flames (55,59]. Sochet, et al. [60] have found spatial gra-
dients in a flame using optical multiple~gpectral-channel techniques, which promise to
open a new era in combustion diagnostics. This type of detection is illustrated in Fig-
ure 4, in which a two-dimensional array of very small detectors is used for both wave-
length and spatial discrimination. Black and Chang [61]1 have used similar methods and
have presented time-averaged results which demonstrated the feasibility of data acquisi-
tion for fluctuation gradients in a jet.

The second category in the inset portion of Table I (long strongly energetic laser
pulses) has been used by Pealat, et al. [62] to produce the time history of turbulence
over a duration of roughly 300 us in an H /02/N2 flame produced on a flat flame burner.
The flame was made turbulent by a cross fiow of“cold gas from a small horizontal nozzle.

—— e —_ — - - -



The third category (cw laser), 1n which pdf’'s are produced from a finite Sequence
of photon count moments, 1S generally restricted to low luminosity flows, In this area,
spectral density data have heen obtained by Chabay, et al. [63], autocorrelation func-
tions and pdf's by Birch, et al. [64], and pdf's by Penney, et al. [65].

We have discussed, so far, point or spatial gradient measurements in categorizing
vibrational RS data. Another area of importance for flame diagnostics is that of two-
dimensional optical imaging. This was accomplished by Hartley [66] before the era of
diode detector arrays through use of a thin sheet of frequency-doubled ruby laser light,
interference filters, an image intensifier, and a photographic plate. Hartley termed
this species concentration mapping procedure "Ramanography.” This method has been extended
by Chang and co-workers [67], who performed two-dimensional digitized Raman imaging of
jet flows with spectral filters and a multiple-spectral-channel detector. Their work
produced average concentration maps for an 8 mm x 8 mm x 100 .m plane using an argon ion
laser source and multipass cell to create an approximate sheet of source light. These
results have enabled them to predict that a frequency~-doubled ruby laser source should
be able to produce time-resolved data, and thus take "snapshots™ of flame zones in species-
specific light.

3.5 Measurements of Temperature and Concentration Probability Density Functions from
Vibrational Raman Scattering Data. As an example of the application of vibrational RS
techniques to flame diagnostics, we discuss here some recent results, reported by Drake,

et al. [58], warshaw, et al. (57], and Lapp (5}, of an experimental program to measure

the thermodynamic and flow field properties of an H,~air co~flowing jet turbulent dif-
fusion flame. The most recent data have been obtai%ed in the fan-induced combustion tunnel
shown in Figure 5; for scale, the test section is 15 c¢m x 15 cm square pipe, and the

length of the test section window is 0.9m. The tunnel is movable in three dimensions

in order to permit the use of fixed-bed optics -- a highly desirable feature for locking
together and fixing the test zone configurations of the optical probes utilized.

Raman scattering was used (in the fashion indicated in first category of the inset
portion of Table I) to determine the temperature from the Stokes/anti-Stokes intensity
ratio for N,, and the concentrations of N,, H,, and H,O from their Stokes signal inten-
sities caligtated against standards. A pslsea dye lager source capable of producing
1J pulses at rep rates up to 1 pulse/s was used at 488 nm. For velocity data, cw real
fringe laser velocimetry was used together with nominal l-um-diameter alumina seed (57],

The RS data [58] have been presented in the form of pdf's, and are shown in Figure 6
at various radial positions for an axial station 50 fuel-tip-diameters (x/d-value) down-
stream of the fuel tip for a 50 m/s stream of H, flowing into a 10 m/s air stream, to
produce a cold flow Reynolds number Re of 1500.° For the data shown in Figure 7, these
velocities were each increased by 50% to produce a flow cciresponding to Re 72200. We
note that no evidence of flow intermittency or bimodal temperature pdf is seen in Fig-
ure 6; in Figure 7, however, clear evidence of intermittent mixing is seen in the pdf's.

In order to evaluate these data, comparisons were made of simultaneously-acquired
species/temperature concentration data pairs with predictions from adiabatic isobaric
equilibrium calculations of species concentration and temperature as a function of fuel/air
equivalence ratio. (See Figure 8.) This calculation is made on the basis that a tur~
bulent diffusion flame arises from burning at a distribution of equivalence ratios, and
that it can be considered therefore as the resultant distribution of product-gas equi-
librium mixtures. Fast chemistry is assumed, radiative cooling is neglected, and the
Lewis number Le is set equal to 1. Reasons for deviating from these theoretical compari-
son plots include statistical data scatter and possible non-isothermal test zones (since
RS signals have a nonlinear response with temperature for large temperature excursions),
in addition to possible violations of the assumptions just given.

Results for N2 {58] for x/d = 75 and 150 are shown in Figure 9. Here we see that

the N2 data agree reasonably well with this simple theory for the lean portions of the
flame, while consistent deviations of slope appear in the rich legs, to an increasing
degree with increasing values of x/d. Additional data for N, at other axial positions,

as well as similar data taken for H,, show this behavior treﬁd. Experimental data ac-
quired across the entire flame diameter confirm analyses according to the simple adiabatic
theory that bunyancy is not responsible for these results. We have not been able to ex-
plain these deviations by other considerations involving heat transfer, nor have we been
able to determine systematic errors leading to this behavior. One possible suggestion
currently under investigation is that such departures may be caused by the relative ef-
fects of heat and mass transfer (Le # 1).

3.6 Conditioned Samgling Approaches: Near-Simultaneous RS and LV Data, and Intermit-
tent Data in a Hostile Environment. To our knowledge, the earliest near-simultaneous

RS and LV data were obtained by Hillard et al. [68) for a high speed free jet, in which
mean values ( 1 min. averages) of temperature and nitrogen density were found from ro-

tational RS in an experiment coordinated with LV measurements. In order to obtain co-
ordinated fluctuation data, additional experimental control is required.

As an example, a "velocity-preferred" trigger system can be used to acquire RS and
LV data in close time proximity. This method is basically a conditioned sampling technigque.
In Figure 10, we show a timing diagram which illustrates how the RS source laser is trig-
gered by a validation pulse from the LV processor. Thus, after a valid LV signal is
accepted, the RS signal is produced at a desired later time, nearly simultaneocus from
a fluid mechanic point of view, but with a long enough delay for the particle producing
the LV burst signal to move out of the test zone before the energetic RS source laser
pulse hits it. Utilizing such a technique, Warshaw et al. [57] obtained temperature-
velocity correlation data.
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In another conditioned sampling experiment, Drake et al. (58] made a preliminary
assessment of the possibility of probing hydrocarbon flames with pulsed RS methods.
Premixed laminar propane-air flames with equivalence ratios 3 of 1 to 3 were investigated
on a porous plug burner. In one set of experiments, a spectrometer slit function was
obtained by using the relatively broad high temperature N, RS signal induced by the pulsed
laser as the light source while the spectrometer wavelenq@h drive was swept slowly. (See
Figure 11). For a stoichiometric flame (which was non-luminous), a well-determined sliit
function was obtained. For a fuel-rich flame (% = 3), much of the data obtained corre-
sponded to saturation of the optical/electronic detection chain ({caused by strong laser-
induced optical signals), but was obtained over an apparent envelope. By setting the elec-
tronic detection apparatus to omit all signals greater than an amount determined to be
larger than any possible RS signal, the cluttered trace shown in the central part of Fig-
ure 11 was transformed to that shown in the lower trace (i.e., an approximation of the
upper trace). This result of conditioned sampling suggests that RS data was observed from
a non-luminous flame zone under conditions for which a laser-induced luminous zone can
oscillate in and out of the optical detection area. The result of the sampling procedure
applied to the central part of this figure is obvious; the important point is the demon-
stration that this technique can be applied to obtain valid RS data in hostile environments.

4. DISCUSSION

In the preceding section, we have outlined some of the capabilities of new light-
scattering diagnostic methods for flame research, with some emphasis on vibrational Raman
scattering methods applied to turbulent diffusion flames. Although still in its infancy,
these techniques are clearly past the basic proof-of-principle status. They are now in
the process of being applied to significant combustion/fluid mechanic problems designed
both to bring new fundamental knowledge to this field by means of well-designed investi-
gations into specific critical points of interest, and more focused experimental investi-
gations into questions of importance to engineering studies.

In this contribution, we have concentrated upon the more basic part of the spectrum,
and summarize in Table I1 an ordering of turbulent flame point property measurement and
prediction capabilities. The table is formulated to illustrate the close interaction
required of modelers and experimentalists in order to achieve the technological goals
faced by combustion researchers and combustor designers. With this in mind, we separate
the physical gquantities of interest into three categories and outline in the table the
measurement and modeling capabilities and needs.

The first category is for those variables that can be classified as flow field prop-
erties. Here, we used the term "flow field" loosely so that flux gquantities such as
plul, miur, T'u! can be included in this category. The second grouping contains thermo-
dynamiclpgope:ties of the flow field only, while the third category includes any trace
species found in the combustion flow and all pollutants found in the burning of hydro-
carbon and H2 fuels.

The table is divided into five columns, the first two of which list the types of
measurements and the physical quantities of interest that can be measured. Under the
second column, the physical quantities to be measured in each category are listed in in-
creasing order of difficulty. Some quantities listed do not represent direct measure-
ments but are inferred from other measurements. A good example of this is the mixture
density. These quantities are normally put at the bottom of the list. The third column
deals with measurement capabilities and is subdivided into three different columns under
the heading of "Proven Technology," "Developing Technology," and "Difficult?" Modeling
capabilities are grouped under the fourth column with subcolumns for the "Current Approach"”
and "Alternate Approach.” It should be pointed out that the difference between these
two approaches is mainly in the model used to tackle the chemistry part of the problem.
As for the fluid mechanical part of the problem, the two approaches share the same basic
model, A detailed discussion concerning the fluid mechanical model and the need for more
advanced measurements is given below. Finally, column five is reserved for comments
w#hich are directed to both experimental and modeling capabilities and needs.

Although the first four items under the first category can be measured using proven
techniques such as impact probes and LV, their accurate measurement does p ent _some
difficulty. (For example, LV data of good quality for quantities such as v'%, w's, o'v',
vw', etc., are difficult to obtain. Additionally, these data can be biased by seeding
considerations; as a result, such velocity data may be close to Favre-averaged instead
of Reynolds-averaged.)

For simple flows, the impact probe provides a way to measure the momentum flux oui;
therefore, an independent check on the indirect measurement of o'u' can be made provided

the term p'u'“ can be considered small compared to © u'“ or u o'u'. These four items
also provide basic flame data for the validation of the turbulence model used in the two

approaches discussed. The measurements of T'u', mu',..., not only add new insights
into the understanding of the combustion processes in diffusion flames but also provide
data, for the first time, to assess the applicability of the gradient transport model
for reactive flow study (again see below for detailed discussion).

In category two, the various moments and joint moments of T and major species m,
are direct measurements. However, the pdf of these quantities are inferred measuremédnts
in that the discrete data points must be interpreted in the form of a histogram. These
meagurements, besides providing data for model validation, can also be used to help im-
prove existing models. Finally, the trace species and pollutants are difficult to mea-
sure. Therefore, their use as validation data for overall flame modeling is limited.
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Having discussed *the experimental and modeling capabilities and reeds as summarized
in Table II, we would like to make an attempt to point out some of the mcre difficulcs
gquestions faced by hoth modelers and experimentalists. To de¢ this, the main wea<ness
of the two approaches outlined 1n Section 2 15 examined in more detail. Through th;s
examination, the henefits of close interactior hetween experimentalists and modelers are
revealed.

It was pointed out in Section 2 that the main weakness of the two approaches lies
in the turbulence models used to close the set of mean transport equations, The reason
i1s that the turbulence models used are similar to those formulated for constant density
flows. Although these models work very well for a wide variety of constant density shear
flows, their direct application to reactive shear flows 1s 1n doubt [69]., Some basic
deficiencies of these models were pointed out recently by Williams and Linby [70]. Among
the basic questions raised 1s the applicability of the gradient transport assumption for

—_

reactive flows. In turbulent flows, flux terms such as « uiu‘, N miul, etc. appear in

the mean transport equations as a result of the turbulent fluCctuations and the non-linearity
of the convection terms. Conventional wisdom 1n nonreactive flow modeling is to postulate
a relation between these fluxes and the mean rates of strain for the Reynolds stresses

and the gradient of the mean scalars for scalar fluxes. The turbulent exchange coeffi-
cients in these relations are uysually assumed to be scalar quantities whose magnitudes

can be determined from a knowledge of the turbulent kinetic energy and its dissipation
rate [2,11). This assumption gives fairly accurate results [2-4] 1n nonreactive flow
modeling for a wide range of engineering problems because in most constant density tur-
bulent flows the fluxes and the mean rates of strain behave similarly. However, this

is not necessarily true for reactive flows. In a study made by Clavin and Williams [71],
they found that the fluxes change sign in a region where the sign of the mean gradient
remains the same. Further experimental evidence of this countergradient diffusion phe-
nomenon can be found in the helium-air mixing experiment of Stanford and Libby [72] and
LaRue and Libby [73]). 1In view of this, measurements of the turbulent fluxes and mean
velocities in a reactive flow would be most helpful in the pursuit of a better turbulence
model for such flows.

As indicated in Table II, the fluxes o u;u;, & m;u;, etc. can be measured in a sim-
ple flame using a combination of LV and RS optical techniques. 1In the process, the mean
velocity profiles are also obtained. Therefore, the present experimental technique pro-
vides, for the first time, an opportunity to assess the applicability of the gradient
transport model for turbulent reactive flows.

The unity turbulent Lewis number assumption is usually made in the current approach
to combustion modeling. Although this assumption is not explicitly stated in the alternate
approach, it is implied in the formulation of the model [21,27]. 1In some flows, such
as in gas turbine combustors, reactions and significant heat release are confined in a
small region, thereby producing very large spatial gradients for the thermodynamic vari-
ables. Under such circumstances, the turbulent Lewis number cannot be expected to be
one., The understanding of the effects of a non-unity turbulent Lewis number on combus-
tion modeling, therefore, becomes important. Ability to measure the various turbulent

fluxes, o u;u!, ) m!u;, in a diffusion flame affords the opportunity to assess the valid-
ity and extent of tée unity turbulent Lewis number assumption in a simple reactive shear
flow. It is hoped that based on this understanding, a more general combustion model can

be formulated.

In principle, the alternate approach can calculate the thermodynamic variables in
a combustion system with improved accuracy. However, in practice, its ability to do
that depends on the availability and reliability of rate data, kinetic mechanisms and
an efficient computational algorithm for the solution of the strongly nonlinear rate
equations. The exact calculation of thermodynamic variables is not always possible be-
cause of the lack of reliable rate data and kinetic mechanisms for a wide range of fuels.
Here again, the ability to measure the single and joint pdf of temperature and major
species in a simple reactive flow would provide guidance for understanding the signifi-
cant flame chemistry to be considered in the calculations.

Another point raised by Williams and Libby [70] concerns the modeling of the dis-
sipation terms in the Reynolds transport equations. Firstly, the off-diagonal component
of the dissipation function is nct necegsarily negligible in reactive flow. Secondly,

the proposed model for ¢ = const. X p k /%, where g is the dissipation and R is the length
scale characteristic of the large eddies, is not always appropriate for reactive flows.

The dissipation terms, even in non-reactive turbulent flows, are very difficult to
measure [10]. Although advances in hot wire anemometry and optical probe techniques have
made the measurement of the spatial gradients (in the macro sense) of velocity, tempera-
ture, and concentration a reality [60,74], the measurement of the spatial gradient terms
in a region where dissipation is important is still a very difficult (but, we hope, not
an impossible) task. As a result, experimental work directed to overcome this difficulty
would be most helpful to modelers.

From the above discussion, it is evident that a strong and continued interaction be-
tween modelers and experimentalists is necessary, as has begun in various workshops (for
example, Ref. 75), conference series (for example, Ref. 76), and special publications (for
example, Ref, 77), to further our understanding of combustion phenomena and to improve
the capabilities of existing combustion models.
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Figure 1. Schematic of Rayleigh and N
Raman Scattering Spectra at Ambient aﬁd
Elevated Temperatures. The N, vibrational
Q-branch bands, shown in the Znset dia-
grams on a linear scale, were convoluted
with a typical experimental spectrometer

Figure 2. Schematic of Coherent

Anti-Stokes Ramar. Spectroscopy !
(CARS) Process, Shown Here in J
Nearly-Colinear Optical Con- \
tfiguration. |

triangular-shape spectral slit function
used for contour scans with laser exci-

tation in the mid-visible, namely, 6cm-l

(0.18nm) full width at half-maximum.
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Pigure 3. Calculated Vibrational Raman
Scattering Spectral Contours for OH
Radical, for 488 nm Laser Source.

MULTIPLE SPEC TRAL CHANNEL
LIGMT DETECTOR

Figure 4. Schematic of Multiple-
Spectral-Channel Detection of
Ramén Data from a Flame Source.
Used in this fashion, wavelength
information is obtained along the
detector horizontal axis, and
spatial information along the
vertical axis. Thus, flame temp-
erature and major species concen-
tration data can be obtained along
the trajectory of the incident
laser beam,
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Figure 5. Schematic of Fan-Induced Movable

EB%SultIon Tunnel, Shown Here with the

Test Section (0.15m x 0.15m Square Pipe

with 0.9m Viewing Length) Fully Inserted

in the x~-Direction [57,58). Turbulent

diffusion flames are produced on a central

3-ma-diameter fuel tube. L4
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Figure 6. Probability Density Functions (Histograms) for Temperature and
N,, H2’ and H,O0 Concentrations for H,-Air Turbulent Diffusion Flame, for
Rg * 1500 (Sgl. These data were taien 50 fuel~-tip-diameters downstream,
at the centerline and at various off-axis positions. A smooth progression

of the character of the histograms was observed as y/d was increased; i.e.,
flame boundary effects were not prominent.
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Figure 7. Probability Density Functions (Histograms) for Temperature and

N,, H,, and H,O0 Concentrations for H,-Air Turbulent Diffusion Flame, for

RZ = 3200 {(58]. The shaded zones in“the temperature, nitrogen concentration,
and water concentration histograms for y/d = 4.25 correspond to the same
simultaneously-acquired data sets, and illustrate intermittent effects at
the flame boundary. The increase in turbulence over that corresponding to
the flame considered in Fig. 6 caused a significant decrease in flame length
and a greatly broadened temperature histogram at the flame boundary.
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Figure 9. Comparison of Simultaneocusly-Acquired N Procare Ar
Concentration and Temperature Data with Theoreticgl -0
Curve Calculated for Adiabatic Equilibrium Flame
These are data sets gimilar to
those contained in the histograms shown in Figures
for x/d = 75 and 150.
The stoichiometric point for the theoretical curves,
near 2400 K, is obscured by the density of data in
Flame buoyancy affects the experi-
mental data by causing them to be translated along
the theoretical curve to another locus of fuel/air
equivalence ratio points, corresponding to the

This expectation has been
confirmed by observations of data for both posi-

Conditions [58].

6 and 7, but, in this case,

this region.

true flame position.

tive and negative values of y/d.
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Pigure 10. Timing Diagram for Near-Simulta-
heous Laser Velocimetry and Raman Scattering
Data Acquisition [57]. The LV signal is
shown both raw and with conditioning. The
laser pulse used for Raman scattering occurs
after an adjustable delay following valida-
tion of the velocity data in the LV proces-
sor. This delay cu.n be set to allow slow

seed particles to escape from the test volume,
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Figure 8. Value of H /Air Flame Temperatire

and Major Species Cofcentration, Talculated
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Figure 1ll. Measurement of Spectrometer Slit
Function, for Propane-Air Flames Correspond-
ing to Fuel/Air Equivalence Ratios & of 1
and 3. For the middle curve, the spikes
resulted from strong laser-induced optical
signals. The hottom curve has been treated
by conditioned sampling. The spike at the
right-hand edge is a leser-induced signal
that was not suppressed Ly the sampling
threshold. {58}
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DISCUSSION

D.A Greenhaigh. UK

Does not your conditioned sampling techmque unfairly weight PDF’s towards Jean areas of the flame passing
through your control volume hecause the rich portions will contain higher soot densities’

Author’s Reply

Yes, but that is the point of the procedure. We are attempting. by means of the conditoned sampling. to probe
a relatively ‘clean’ part of the flame (that is, lean) under circumstances for which a laser induced luminous portion
(that is. rich) can oscillate in and out of the control volume.

G.Alessandretti, it

(1) Do you need the inforamtion on temperature to obtain your measurements of water and hydrogen concentra-
tions?

(2) Could you please comment on your choice of the Stokes/anti-Stokes ratio for tnermometry, instead of looking
at the different bands in the Stokes spectrum.

Author’s Reply

(1) Yes. Temperature information is required because the fractions of the Raman spectral contours for the
molecule under question that are contained within their respective spectral band passes of the polychromator,
are dependent upon temperature. This is an especially important consideration for molecules such as H, and
H, O, which possess very broad Raman contours. Additionally. the total vibrational Raman signal (that is.
integrated contour area) is also sensitive to the temperature at flame temperatures, via the vibrational partition
function.

(2) We utilised the Stokes/anti-Stokes (SAS) technique for temperature measurement because it produced stronger
signals than methods based on analysis of the Stokes profile alone, and because it was well suited for implemen-
tation with an available polychromator system. However, analysis of the Stokes contour by means of a
multiple spectral channel detector possesses some advantages, even though it does not utilise some of the
scattered light (namely the anti-Stokes scattering). Calibrations dependent upon the temperature sensifivity
of the contours, which are required because of the fixed shit widths employed in the SAS method, are not
necessary with the multiple spectral channel detector. Furthermore, the Stokes and anti-Stokes channels of the
SAS method are widely separated spectrally, which can produce additional calibration probiems; this type of
difficulty does not exist over the relatively narrow spectral extent utilised by the multiple spectral channel
detector. Also, analysis of light scattered from gases not in thermal equilibrium is made possible with this
scheme.

A.Eckbreth, US

An advantage of the Stokes/anti-Stokes approach is that you spectrally integrate over the Raman band and thus
maximise your photon count and minimise errors due to photon statistics. One problem with using an optical multi-
channel detector for a spontaneous Raman band is that the photon count per spectral interval wouild be quite low
and hence the spectrum quite noisy. Would you comment on that?

Author’s Reply

1 agree that the Stokes/anti-Stokes (SAS) vibrational Raman scattering method for temperature measurement utilises
to the fullest extent the available number of scattered photons and therefore minimises statistical errors. For this
reason, as well as others relating to experimental convenience, it has been our choice for our turbulent diffusion
flame measurements. That is not to say that multiple spectral channel detectors do not possess some strong advan-
tages for such use. Most importantly, the SAS method depends upon spectral calibrations of the two channels,
which can be difficult to make because of the interaction between the Yest gas temperature sensitive Raman spectral
contours and the fixed exit slit widths of the polychromator channels. The accuracy limitations due to lower
photon counts with use of the multiple spectral channel detector are certainly present, but are not so severe as to
prevent its application. Note that we do not require a full contour analysis to determine temperature in this way.
Instead, sections of the contour (N, ground state band peak region, peak region for the first upper state band, etc.)
can be integrated to give temperature sensitive signals of useful strength.
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FLAME TEMPERATURE PROFILES OBTAINED BY THE TWCO-LINE
ATOMIC FLUORESCENCE METHOD
by
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SUMMARY

In this work several flame temperature measurements are described, verformed by usin~ the
two~line atomic fluorescence methnd (TLAF).
Many kinds nf flames were investigated, someone nf that were comnletely mapoed. This was ma-
de in order tc point out that, also with a thermal 'iqght source, extensive temperature inve-
stigations can be carried out.
Even i{f it seems that low power sources allow only reasurements in laboratory steady flames,
the low cost of the system and the simplicity nf the data processing ~onfirm the validiry ~f
this method.

PREFACE

Several techniques were recently proposed and developed for local temperature measurements
by means of flunrescence and Raman signal analysis[1],([2],{3].
High spatial resolution and short time of operation may be generally obtained in this way.
Laser sources are normally employed, because of the low cross sertions exhibited hy the in-
voived phenomena.
On the other hand, the great available powers ~Ilow the jinvestigation of a great part of the
interesting combustion systems and, beslides, the attainment of other information, like spe-
cies concentration.
Other techniques exist, which use spectral lamps as light source; the line-reversal rethnd
is a well known example of those. In this case only averaged measuremernts ace possible, fror
which, under particular conditions of symmetry and homogeneity, local tenperature can be dra-
wn by means of complex mathematical procedures. Furthermore a thermal equilibriur is reque-
sted over the whole flame.
The two-line atomic fluorescence method (TLAF), proposed some years ago by Omenetto et al. (4]
may combine the different characteristics of the two branches, heinqg possible to use a lamp
and to obtain a local measurement,
Successful applications were made [S)by using the lock~in amplifier, in hyurnaen and acety-
lene laboratory flames.
Being a general result the weakness of the fluorescence signal in comparison of the back-
ground ?oise, the photon~counting technique with synchronous bhackground subtraction was also
used [6].
As it will be shown further, this kind of signal orocessirnj allows to improve the SNR by in-
creasing the measuring times.

In the present work several flames are investigated and a general conclusion may be drawn:
when a lamp is used, the measuring times are, for many important flames, too much long.
Hence, in actual combustion systems, difficulties arise, which may not be easily solvecd.
Otherwise 1f a source with higher energy (i.e. a laser) becomes necessary, other techniques
are preferable , being, for istance, not suffering of quenching effects.

GENERAL

The theoretical basis »f TLAF are well known and diffusely explained in several works [7],
[8] , [9] , hence only a brief description is here reported.
The flame is seeded with atoms of convenient materiai having a three level atomic scheme in
which the transition 01, in radiative way, is inhibited (fig. 1). A light beam of wavelenght
corresponding to the transitior 02 is sent on the flame and the outcoming radiation, caused
Ly the 2-=1 fluorescence decay, is detected (Stokes line). The sare procedure is repeated in
the opposite direction (anti-Stokes line).
It is obvious that, when the exciting source and the fluorescence intensities are measured,
we have an information on the electronic population of the levels and hence, through the
Boltzmann law, on the electronic temperature.

The foundamental formula, giving the flame temperature as a function of the measured fluo-
rescence intensities, is:

Tt = ThlEr nlx F
in )+5-1n( “}ln(—lﬂ
1Eg2 Ta Fao
where: Ejp = spectral irradiance of the exciting source at )y
Ege = spectral irradiance of the excitiny source at }g,
Fay = spectral irradiance of the Stokes fluorescence
Fao = spectral irradiance of the anti-Stokes fluorescence
V, = excitation energy of the level 1
k = Boltzmann constant.

(1)

The relationship (1) may be assumed valid in thermal equilibrium and without self-absorp-
tion, when Fp, , Fjo are measured in digital way, while E,; , Egy are measured in analog way.
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A great importance has, of course, the choice of the seeding atoms. Thallium and Indium
show good performances (9] in concentration of 100 - 570 ppm.

From the above formula we can see that the error of the flame temperatur: is deperding
from two quantities, that is the error related to the measure of the incident radiations
and that related to the fluorescence measure. Either these two are, ‘n their turn, influ-
enced by the calibration function of the system, which has to be evaluated very carefully.
As far as the measur= of the fluorescence signal is concerned, which is in practice the
only random error, some further considerations may be done (10] . When the fluorescence si-
gnal is detected, we have the superimposition of different kinds of radiations at the sa-
me wavelength corresponding to: a) the Stokes (or anti-Stokes) transition, b) the nackqro-
und luminosity of the flame, c) the spontaneous decay of the seeding atoms. Only the first
term is the useful signal, the others resulting only in a background noise. A parameter is
defined when the photon counting method is used:

K = Ns / (NS*Nb) (2)
where Ns is the signal counting rate, Ns*ﬂb the total counting rate.
When a photon counting technique with synchronous backround subtraction is used, a light
chopper drives the up-down scaler. As a consequence, during the up phase Ng+Np is measured,

while during the down phase only Ny is measured. The resulting SNR may be written:

S/N =C /T (3)

) e

and Tt is the counting time.

where : C

Obviously, all the given quantities are valid for either the Stokes and anti-Stokes measu-
rements, and the total SNR is given by

v}
(o ot
s/ ot \(s/mao)  \(s/N:1)

Practical relationships were found which may be used to establigh the more convenient coun-
ting time for a prefixed temperature precision. In particular, when the SNR .s deduced
from the following equation, plotted in Fig.2,

ATe _ Te'K g (s)
Te Vi TSNV,
the corresponding counting times are given bf
2 2
_ _R#1 (S/N) Tot {R+1)-(S/N) Tot
T21 -——h—-'——'&crl—' T20 = C:o (6)
2 2

where R = C,4/C21.

In this way, under favourable experimental conditions (long term flame stability), it is pos-
sible to reach noticeable precision, of the order of less then 1% .

Otherwise at first glance we see that a high precision in the flame temperature requires long
counting times, being the anti-Stokes signal generally very low. In effect, in flames with

a strong background noise, the involved times are of the order of some minutes.

As a consequence, the TLAF applications may give good results in laboratory flames, owing to
their simple structure and stability.

EXPERIMENTAL

The system under test was the flames produced by a 30 mm. multi-hole circular burner, of
the type developed at the Fysisch Laboratorium Rijksuniversiteit, Utrecht, The Netherlands
(fig. 3) . The burner structure allows to have an inner flame ($~20 mm.) and a shield flame,
supplied by two separated lines.

The flame had high characteristics in stability, uniformity and reproducibility. The optical
set-up consisted in an usual 90° arrangement (fig. 4) . The light source (OSRAM high pres-
sure Xenon lamp 250 W, supplied by a IREM E2X20P electronic power supply), was placed in a
home-made housing, furnishing a good position control and high collection efficiency. The
trasmitting optics was set in order to have narrow beam in the chopper zone, to minimize the
loss of energy and to easily correct the probe volume position. A heat absorbing glass was
used to avoid a superheating of the color filter, wich select the useful wavelengths. At the
end of the trasmitting line, a spherical mirror was placed to increase the luminous energy in
the measuring zone,

The receiving optics furnished a 1:1 magnification on the entrance of MONO 1.

The resulting probe volume was 1x1.5x3 mm.

The fluorescence signal was detected by means of the MONO 1 monochromator (HILGER & WATTS
D330) and an EMI photomultiplier (EMI 9863 QB/140), housed in a suitable Peltier-effect coo-
ler (EMI-GENCOM mod. 2ZD-50). This detection device was characterized by a very low dark
pulses rate (100-150 pulses/sec).

A continous test of the lamp emission was made by drawing a portion of the emitted light with
the monochromator MONO 2 (JOBEN YVON H20) and the associated PM 2 (RCA 1P28).

i et e e
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The corrisponding signal was recorded on a strip chart (YOROGAWA F TYPE 3052). This was
made because a previous check showed_that, in long times experiments, the intensitiea of +he
two lines of intereat (5350 A, 3776 x) changed in different ways, giving a considerable drife
in the ratio Ey/E,; .

The signal processing (fig. S) was performed by amplification and shaping of the photomulti-
plier pulses. The d.c. off-set of the amplifier is often controlled to avoid dangerous oscil
lations around the 4discriminator threshold. The squared pulses are at last sent to the up-
down scaler (LABEN 6318, with display expanded to 8 digits).

All the flames were seeded by Thallium solutions injected in the flame by means of pneuma-
tic nebulization. The Tl concentration was mantained at 500 ppm for each kind of flame.

RESULTS

Several kinds of flames were investigated, with different flow rates and, in some cases,
in the shielded and unshielded configurations. In the shielded flames, only the inner part

was seeded; these particularly convenient conditions suggested to perform line-reversal te-
sting comparisonas.

Four different H,/0,/Ar flames were completely mapped, being the features of these very fa-
vourable for TLAF applications. The maps consist in six radial profiles at different heights
(step 5 mm), starting 5 mm above the head of the burner.

In fig. 6 1s reported the map of the flame cbtained with flow rates Hp=1/0,=1/Ar=6 lt/min
(nominal flows). An expected increasing of the temperature is present in the external part
of the flame; in effect, being the flame rich, a secondary reaction is produced with the sur-
rounding air.

A significant flattening of the profiles is caused by the shield flame (fig. 7) (same flow
rates of the inner flame), where the dotted line is referred to the mixing zone and to the
shield flame, in which the seeding atoms concentration is due only to the diffusion from the
inner. 1In both these cases the factor K (see eq. 2} was very high (.9 and .3 for Stokes
and anti-Stokes respectively), as a consequence the measuring times, for each point, were of
the order of a few seconds. The temperatures were in good agreement with the values furni-
shed by the line reversal test.

In fig. 8 and 9 are shown the profiles associated to the same flames, but with flow rates of
Hp=1/02=2/Ar=6 lt/min. Now the temperatures are increased and the maximum occours on the
axis of the burner; this i3 a consequence of the quasi-stoichiometric ratio between 0O, and H,
The effect of the shield flame is the same than in the previous case.

The fig. 10 and 11 are referred to air-acetylene flames (air=7.5/C,H,=0.5 1lt/min). For these
the background radiation is very high, especially for the anti-Stokes line. Hence, to obtain
a reasonable SNR, counting times of minutes were requested (about 1 and 4 minutes for Stokes

and anti-Stokes lines). Also in this case, a comparison with line-reversal temperature gave
good results. '

A slight enhancement is obtained in a similar flame (fig. 12), produced by an 03/Ar mixture
(flow rates CyHp=0.4/0,=1/Ar=7 1lt/min) . A reduction of the quenching effect may explain
the different behaviour of the two flames, concerning to the fluorescence emission.

At last an air-propane flame (air=6/CpH,=0.2 1lt/min) was investigated (fig. 13). In practice
no significant differences were noticed with respect to the air-acetylene flames, having in
both cases a general deterioration of the signal and long measuring times.

CONCLUSIONS

The investigations described in this work, show that the TLAF applications may give relia-
ble results in a great number of laboratory flame.
Even when a thermal source is used, and the available signals are very low, the photon-coun-
ting allows satisfactory precision measurements. On the other hand long measuring times are
involved, so that only long term stability flames may be successfully investigated.
Hence, applications on industrial burner cannot be reasonably proposable, and if, to increase
the signals, a laser source is adopted, other techniques exist, showing attractive performan-
ces.
Finally, special applications like calibration in laboratory flames of other thermometric
techniques and basic combustion researches seems to be the only possible fields in which the
TLAF method can be conveniently used.
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Fig. 3 - Design of the multi-hole circular head of the burner.
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Fig. 5 - The electronic equipment used to perform the experiments.
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APPLICATIONS OF OPTICAL DIAGNOSTIC
TECHNIQUES IN COMBUSTION RESEARCH®

D. L. Hartley
M. A. Gusinow
Sandia Laboratories
Livermore, CA 94550
USA

Summary

This paper presents a summary of the application of laser based
optical techniques to the diagnostics of combustion problems.
The emphasis of this work has been on the determination of tem-
perature and species concentrations in a combusting environment.
The application of these techniques has centered on laminar
flames, turbulent flames, particulate-laden flows, and internal
combustion engines. In all of this work the constraints of
spatial and temporal resolution have been achieved as well as
the detection of intermediate species in certain laboratory
experiments.

Introduction

The challenge of providing the detailed information necessary to understand combus-
tion devices requires experimental capabilities across a broad spectrum of environments.
Prior to the clean air act of the 1960's and the Arab oil crisis of the 1970's, the only
information required by designers of combustion systems was an overall measure of gross
performance and very little sophistication in experimental methods was required. Today,
however, with acceptable performance depending intimately on the many subprocesses in-
volved in the combustion device, the experimental methods must be capable of resolving
(with space and time resolution) details which have not previously been attainable with
standard methods. Fortunately, some entirely new, sensitive methods have been developed
and certain older techniques have been improved to the point that they can now be applied
to some of these critical problems.

At the Department of Energy's Sandia Laboratories in Livermore, California, a major
new program has been developed to provide the experimental methods necessary for these
severe combustion problems. To provide a focus for su-h a development, the Combustion
Research Facility has been established at Sandia Laboratories and will be operational in
late 1980. The primary mission of the Combustion Research Facility is to develop advanced
diagnostic techniques, improve exfisting ones, and apply them to critical problems in com-
bustion science over a broad spectrum of appiications.

To accomplish the breadth of research goals dictated by design problems in combustion
science requires a spectrum of research capabilities with an emphasis on the more sophis-
ticated diagnostic techniques. To this end, in this paper, we will address the required
diagnostic capabilities for laminar flames, turbulent flames, particle laden flames, and
ultimately for the more severe environments characteristic of actual combustion devices.
As shown on Table I, research activities are underway at Sandia Laboratories to develop,
apply, and evaluate measurement techniques for velocity, number density, temperature,
and species concentrations in a varjety of systems. This paper, however, will concentrate
primarily on those techniques which have been developed to measure temperature and species
concentration and will 1imit those to laser-based diagnostics.

Application to Laminar Flames

A number of programs are being pursued in fundamenta)l flame research. These studies
provide a basis for understanding the isolated fluid mechanic and chemical kinetic
processes that are important to combustion. These simple flames also provide test beds
for developing diagnostic tools. Temperature measurements in our laminar flame studies
have been carried out primarily by the application of spontaneous Raman scattering.
Recently Mitchell and Schoenung' at Sandia made a careful comparison of the measurements
of temperature obtained by thermocouples and by spontaneous Raman scattering using the
Q-branch spectrum of nitrogen. Their results demonstrate that the degree of accuracy
that can be provideg with these laser-based scattering methods is excellent. Even more
recently Stephenson¢ has measured temperature in this type of flame by using the complex
spectrum of COz. The calculated and measured CO2 spectrum is shown in Fig. 1 and in
some cases can provide an even more accurate measure of temperature than the simple
nitrogen vibrational Q-branch spectrum. Figure 1 also illustrates the degree to which
one can match computed spectra to measured spectra for complex molecules Vike CO0,.
Stephenson has done similas calculations and measurements for the nonlinear water molecule
as shown in Fig. 2. Smith3 nas used Rayleigh scattering in an atmospheric pressure dif-
fusfon flame to deduce temperature profiles with high temporal resolution. The signifi-
cantly larger cross-section for Rayleigh scattering allowed sufficiently fast measurement
to resolve fluctuating elements of the laminar diffusion flame under study. Yet another
method of obtaining temperatures in these flames has been pursued by Cattolica® who has
used two-l1ine molecular fluorescence to obtain the temperature of OH in reacting flows.

FThis work supported by U.S. Department of Energy under Contract DE-AC04-76DP00789.
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Finally, Mattern, Rann, and Farrow5 nave demonstrated an improved method of appiying CARS
to reacting flows for temperature measurements.

In a chemicaily reacting environment, measurements of the gas temperature and the
concentrations of various species cannot always be accomplished independent of each other.
Invoking the assumption of local thermodynamic equilibrium (LTE] allows the measurement
of temperatures without an explicit measurement of species concentrations. The temperatyre
can then be determined from the shape of the spectrum and does not require absolute
measurements. Concentration measurements, on the other hand, typically reguire absol.te
measurement unless only relative concentrations are desired. In many cases the measure-
ment of concentration may also require independent determination of the temperature since
temperature does effect the spectral shape and, depending on which portion of the
spectrum is being detected for concentration measurement, this temperature effect myst
be considered. By carefully choosing the detection bandpass and spectral location, how-
ever, this temperature effect can often be reduced to negiigible vaiues.

Several examples of optical concentration measurement have been performed in our
program. As discussed above, Stephenson has been using Raman scattering to measure the
temperature and relative concentration of cgmp]ex combustion molecules such as 02 and
water vapor. Similarly Miller and Setchell® have demonstrated that spontaneous Raman
scattering can be used to measure concentrations of nitric oxide in ammonia-oxygen flames
where the NO concentration varied from 0.1 to 1% of the ambient atmospheric mixture.
Figure 3 shows typical relative concentrations of nitric oxide plotted as a function of
local temperature for the ammonia oxygen flame. The results clearly demonstrated a super-
equilibrium concentration of nitric oxide existed in the system.

A meth09 of obtaining total atomic abundances in a reacting flow has been pursued
by Schmieder’/ who showed that by using laser pulses of sufficiently high power it is
possible to cause a complete avalanche breakdown of combusting gases, dissociating all
the molecules and producing a small volume of very hot plasma. Spectroscopic analysis

of the emission from this spark shows characteristic atomic and ionic lines whose
intensities are related to the atomic abundances. Figure 4 shows the results of applying
this technique to the measurement of the constituents of the fuel-air distribution in a
methane-air flame. The abundances of nitrogen and oxygen from the air and carbon from
the methane fuel are clearly resolved as a function of position in the flame.

Most of the techniques discussed above have clearly been shown to be useful for the
measurements of major species in reacting flows. A more challenging problem, and one
which is of critical importance to the combustion scientist, is the measurement of minor
and intermediate species (such as radicals) in these flows while still maintaining the
sub-millimeter spatial resolution that will permit measurements within the flame front.

To achieve these measurements, laser fluorescence, laser absorption, and background
subtraction CARS has been successfully applied to simple flames. Using the frequency-
doubled radiation from a tunable dye laser Cattolica_has explored the spatial variation
of the intermediate, OH, in methane-air flat flames.8 Figure 5 shows typical results of
the OH concentration in the post-flame region obtained by laser absorption. Cattolica
has also used laser induced fluorescence of OH as an alternate diagnostic for the
measurement of its concentration.

Because of the spatial resolution constrsints imposed by a flame at atmospheric
pressure (a very narrow reaction zone), Green’ has pursued detafled studies of flame
structure in a low pressure flat flame utilizing laser absorption. Figure 6 shows
typical absorption spectra of the NHp radical as measured in a low-pressure ammonia flame
using a cw tunable dye laser. Fina]%y, Rahn has extended the CARS techniqug to the
precise measurement of flame species by developing a polarization technique® which
eliminates the nonresonant background and greatly incrfases the detection capability
(signal/noise) of conventional CARS. Recently, Farrow has made a crossed-beam version
of polarization CARS which results in high spatial resolution and detection sensitivity.
Figure 7 shows a spatially resolved spectra of CO from the highly luminous region of a
premixed methane-ajr flame. The ability to detect and precisely measure this species in
such a hostile environment is a major step forward in the appiication of nonlinear
optical spectroscopy to combustion studies.

Application to Turbulent Diffusion Flames

An important project which has been pursued at Sandia Laboratories is the measure-
ment fluctuating parameters in a well-characterized turbulent reacting flow field. To
this end, the turbulent diffusion flame facility, shown in Fig. 8, has been developed,
and diagnostic techniques for measuring fluid velocity, temperature, and species con-
centration within the flame have been demonstrated. The present goal of the investigation
is to obtain the cross-corretation of fluctuvations of velocity and density and the cross-
correlations of velocity and temperature w*fhin a confined round turbulent reacting jet.
Figure 9 shows results obtained by Rambach!! et. al. utilizing Taser Doppler velocimetry
to measure the flow-field velocity characteristics of that flame. Both the mean and
fluctuating values of the velocity are plotted on the figure. Rambach is now using a
two-dimensional LDV system to measure autg:correlations of velocity fluctuations in tweo
directions. In a parallel effort, Dibblel¢ et. al. have utilized Rayleigh scattering to
measure temperature fluctuations in a round turbulent diffusion jet. Figure 10 shows
measured probability distribution functions (pdf) of temperature in the flame and also
show the mean and fluctuating values of temperature as a function of radial position
in the flame. The application of Rayleigh scattering to measure temperature profiles
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in this combustion system required a special fuel mixture of methane and hydrogen which
produced a constant value of Rayleigh scattering cross-sections for the fuel, the
oxidizer, and the combustion products. This ailows the Rayleigh scattering signal to

be related directly to density without any concern for variations in the Rayleigh cross-
section for different combustion species. Dibble is currently using a high powered dye
laser to obtain time-resolved Raman measurements of both temperature and species con-
centration in the tuyrbulent diffusion flame.

Applications to Particle-Laden Flows

In a separate but intimately related project, Wang and Fltmer‘3 are developing tech-
niques which can be utilized in particle-laden flow fields. These studies are directed
toward the measurement of temperature, species concentration, and particulate number
density in flow fields characteristic of gases existing in coal-fired combustors and gas
turpine systems. The bulk of this activity to date has dealt with particle sizing methods.
Recent results by Flower, utilizing background subtraction techniques with spontaneous
Raman scattering, have successfully demonstrated that spontaneous Raman scattering can
be applied in some cases to measure species concentrations in the presence of relatively
high densities of particulates. Some of the nonlinear optical techniques being investi-
gated and developed by Rahn and Farrow also look very promising for application to these
particulate-laden flowfields.

Two important facilities are being constructed at our Jaboratory to aid in the
further development of these diagnostic techniques in particulate-laden flows. The
first, the atmospheric pressure combustor exhaust simulator facility (ACES) has been
built and is operational. The particulate sizing methods of Wang and the background
subtraction Raman scattering system of Flower are presently being adapted to this facility.
A new facility is the pressurized atmosphere combustor exhaust simulator (PACES), which
is capable of providing 2 1bs/sec of air flow at 10 atmospheres of pressure and will be
installed in the new Combustion Research Facility. Both of these facilities will be
utilized for further development of diagnostics pertinent to "dirty” flows.

Application to Internal Combustion Engines

The role of Sandia Laboratories in the DOE engine combustior technology program has
been to apply laser-based diagnostic techniques to the study of critical problems in
advanced i.c. engine concepts. Specifically, the studies have been directed toward in-
vestigating the problems which arise in DISC, direct-injected stratified charge; DHC,
dilute homogeneous charge; and diesel engines. A simplified version of these systems is
the high pressure combustion bomb which has been used by Dyer to study a variety of
diagnostic methods for application to the combustion processes within i.c. engines. Flow
visualization techniques have been used to investigate sprays and mixing patterns as well
as flame spread patterns in i.c. engine-like environments. Laser velocimetry has been
utilized to measure the velocity field with and without combustion. Rayleigh scattering
nas been applied to the measurement of density, temperature, flame speed, and flame
structure in the combustion bomb. More recently Mie scattering and extinction techniques
nave- been used to measure parficulate size and number density for highly sooting situa-
tions in the combustion bomb.'#%

.aser Doppler velocimetry (LDV) has been usedl5 to map velocity fields, including
mean values and turbulent fluctuating values within homogeneous and direct-injected
stratified charge engines. Witzel® has compared LDV and hot-wire anemometry. The
results provide the first step in model validation for two-dimensional computational
techniques which are being used for the prediction of combustion processes inside this
class of engine. _In order to understand the more intimate details of fuel injection and
mixing, Johnston!7 has applied cw spontaneous Raman scattering to measure the fuel-air
distribution inside an operating version of this engine. The first series of measurements
were directed toward mapping the space and time resolved values of the fuel-air distribu-
tion during and after the injectio. process in the highly swirling environment that had
been mapped by Witze. Typical results of the fuel-air distributions compared to flow
visualization results are shown in Figure 12. Regions of lean mixture were observed
which would not ignite and this was further verified by dynamometer tests using the same
engine. More recently this technique has been applied to the measH{ement of the fuel-air
distribution in the gap of a spark plug inserted in these engines.'® The goal of this
experiment was to determine the inflammability limits of fuel-air mixtures inside engines
and to deduce any time-dependent or transient effects which might influence that in-
flammability limit. Figure 13 shows a typical plot of the ignition probabilities com-
pared to measurements of local equivalence ratio by Raman scattering in that engine.

In a parallel experiment, Smith'9 has used a high powered laser pulse to obtain
temperature measurements with spontaneous Raman scattering from another operating version
of the engine studied by Johnston and Witze. Spatial and temporal temperature measure-
ments were obtained along with the probability distribution function. Currently,
Johnston and Rahn are attempting to apply the cross-beam polarization background sub-
tra?tion CARS technique to measure species concentrations in these stratified-charge
engfnes.
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Conclusions

The major experimental emphasis of the Sandia Laboratories combustion program has
been on the continued development of new diagnostic techniques, primarily those utilizing
laser-based spectroscopy, where many of the constraints of time and space resoiution can
be achieved and the demands for intermediate species detection in particulate-laden
flows can be satisfied. This technology is clearly no longer in the infant state as
existed in the early 1970's. Major advances in laser technology, optical detection and
processing, computer availability, and the application of these elements to combustion-
oriented problems has created a unique opportunity for scientific-engineering studies.
Wwe believe it is timely to tackle the complicated problems facing combustion system
designers. It is also our intention that the techniques and research capabilities
pursued and developed at the Combustion Research Facility be made available to outside
users from government, university, and industrial laboratories.
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Figure 1: The Raman spectra of CO, in a CO/air atmospheric pressure flame.
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Figure 2: The Raman spectrum of H20 in a Hp/air atmospheric pressure flame.
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DISCUSSION

G.Winterfeld, Ge
What measunng technique has been used for the determination of the equivalence ratio in the fuel jet injected into
the swirling flow inside the reciprocating engine cyhinder?

Author’s Reply
The way that 's done 1s with the Raman scattering. With spontaneous Raman scattening one can look at the propane
and the oxygen, and from that onc can establish the equivalence ratio.

G.Winterfeld, Ge
In the investigation of the methane-air diffusion flame, sparks are used to trigger the measuning events Do these
sparks produce disturbances of the processes to be investigated?

Author’s Reply
In that particular instance they didn’t, but in fact one can contrive an experiment where they do. In fact. if one s
not careful, by making a spark one can blow out the whole flame. So yes. it is not a technique we wish to advertise
very strongly, it's just to show the variety of things that one can think of.

J.S.Lewis, UK

The measurement of equivalence ratio using Raman scattering was carried out with propane fuel which was fully
vaporised. What would be the influence of liquid droplets on such a measurement”

Author’s Reply
1 can’t answer that for you.
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DROPLET SIZE MEASUREMENTS IN COMBUSTION BY
"HE VISIBILITY METHOD.

A. COGHE, C. BRIOSCRHI, F. GAHMMA CNPM
Via P. Baracca 69

20068 Peschiera Borromeo

Milano, Italy

and

U. GHE2ZI

Politecnico di Milano
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SUMMARY.

The possibility of droplet size measurements in a flame of liquid fuel sprays by means
of the visibility method was already proved by some authers. This method, based on the
clagsical LDV optical system, makes it is possible to extract size information from the
visibility of the scattered signal generated by a single droplet crossing the probe
volume.

The purposes of this paper are: 1) to present basic principles and numerical results
of the theoretical model based on Mie scattering; 2) to present results obtained by
experimental tests performed on liquid fuel sprays under burning conditions; 3} to discuss
the reliability and the limits of this method, its sensitivity and an impreved data
processing procdedure.

1. INTRODUCTION.

It has been shown by many authors (1) (2) (3) (4) that, by means of laser jinterferome=
try it is possible, among the other things, to obtain sizing of moving particles, some
conditions being satisfied (f.e. spherical particles, refractive index constant and
known, particle concentration not toc high, etc.).

More specifically these tecnigues are mainly based on the introduction of a nondimen=
Sional parameter called visibility, wich can be defined gtarting from the intensity
modulation of the radiation scattered by a particle moving in the crossing region. (probe
volume) of two laser beams.

Referring to fig. 1 it is well known that visibility can be defined as:

vV = Imax — Imin - D (1)

Imax + I min P

The ability of visibility V to be employed in particle sizing comes from the fact that
it depends on the particle diameter D, that is:

vV = V(D, other parameters) (2)

The relation of eq. 2 between visibility and diameter can be obtained in general by
meang of Mie scattering theory as in the present case.

As a principle, it is then possible to associate a visibility (or a visibility
distribution) to a diameter (or to a diameter distribution).

Beside the diameter, the other parameters in the visibility function of eq. 2 are(fig.
1):

- the wavelenght l of incident light

- the refractive index m of the particle

- the position of the collecting system (defined by means of Y and ? fig. 1)
- the angle between beams

- the aperture angle of the collecting sylt.n,‘).

Visibility tecnique seems to be very actractive for particle sizing expecially because
it is not intrusive and allowing in situ measurements; moreover no calibration is requis
red,

Also from an experimental point of view it is easier to measure nondimensional signals
rather than absolute values (for example intensity of radiation) as regquired by other
tecniques (5) (6).

Moreover there are many problems, both theocretical and experimental, to be solved if
relyable results must be obtained.

Pirst of all it is necefsary to detect the experimental arrangements most suitable for
the spray characteristics (inm connection f. e. with the range of diameters, refractive
index of the particle, accessibility of the system).

Moreover the relation between visibility and diameter is not an univocal one and {t
is necessary to arrange tecniques able to solve the ambiguity.

In the experiments it is very important to find procedures able to minimize errors

9%°1£"%h%°%.%%‘%&‘%°£ %‘e‘%ﬁ! 2t%§)?oncont:aelon of particles, strong background noise

Moreover tecniques able to control the Iesults should be fntroduced.

In the case of cold sprays, expecially in small diams
eter range, a good exper
been gained (7) (8); with sprays in cosbustion, moreover, very to; nn: only pr.i:n:o ry
results heve been obtained (9) (10) . P ninary

This work is intended to contribute with some experimental results to the improvement

.
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of visibility tecnique for particle sizing in not isothermal aprays.

2. ARBIGUITY RESOLUTION.

Yig;:; 2 shows the characteristic behaviour of a visibility VS, 4iameter (V - D)
diagranm.

It can be observed that the V - D relation is not of the one to onetyps, that is the
same value of visibility can lead to different values of the diasmseter.

From the point of view of the interpretatcon of the experimental results this
represents a rather troublesome problem, also if it {s possible to overcome it, at least
in principle, by changing the Vv - D curve, to obtain other informations able to solve
the ambiguity.

In many cases wha: (s of interest {s not the diameter of a single particle, but a
diameter distribution function f(D); this means that with an assigned V - D curve
experimentally a visibility distribution function g(V) of the type of fig. 3 (s
obtained.

The g({Vv) function is of course the starting point to obtain the required diameter
distribution function f(D).

An iterative procddure can be used to find f£(D) from g{V), Lf some information about
£(D) are known (mainly the type of function as a rosin-rammler distribution f.e.}.

The followed procedure is:

- & temptative diameter distribution functionji(bais assigned

- on the basis of the V - D function used a visibility distribution function %@(v)is
calculated

- the experimental g{v) is compared with the calculated one t(V’

- if the agreement between g{V) and?t(v)j.s not good enough, another temptative ft(_V)
is assigned

- the interative procedure ends when the agreement between g (V) nnd?(V)is congide. ed
adeguate. ¢

A lot of numerical tests have been performed to control the ability of the method
to give an univolcal answer to the problem (11).

To compare g{V) and’i(V)some acceptability criteria have been assigned.

The following parameters are here analyzed: - =
- the absolute value A of the difference between the mean visibilities \/ andV@,

defined as:

A =|v-\‘q=

(3)

L:IQ(V)JV -[;Ich(v)dv

¢+ the absolute value S; (L = 1,,.N) of the difference of the visibility distribution
functions g (V) and?t(v) that is:

5= | 04)- (%)) (+=1.-N) W

in correspondence of N chosen valuesgéof the visibility.
- the mean value of these differencies )y defined as:
b

n"'N—" (s)
The calculated visibility distribution t‘unction?t(Vhs accepted {f A . the maximum S‘_
and are less than some prefixed values.
Here a rosin rammler type distribution function has been employed for1&(b)in the
iterative procedure.
Extensive numerical tests have been performed to control the stability of the method by
changing thef (B)function (that is to analyze {f a small change in the shape o£~f (d)
function can lead to large changes in the results) (11}, t
Numerical analysis has shown that a good stability can be achieved and the ambiguity
problem overcome.
In particular very good results have been obtained in the determination of the mean
diameter of the distribution.
As an example of numerical test it is represented in fig. 4 a distribution func-ion
obtained by using this procedure.
Curve A repregents the real distribution function £f(D) while curve B represents the
obtained one £{B) .
The real distribution f(D) is a parabola and the tenmptative functionﬁgﬂa rosin-rammler
one.
In £4g. 5 the visibility distribution function of curves A and B of fig. 4 are shown,
while fig. 6 represents the behaviour of the parameter 3y as a function of the mean
diameter B, of t(b}dilc:ibution.

3. RESULTS IN COMBUSTION.

The experimental tests have been performed in an industrial furnace (mass flow rate
of fuel 40 kg/hr) to control the possibility of a practical use of the method.

The experimental set up is shown in fig. 7.

The combustion chamber is whithout heat exchange at the walls has an inner diameter
of .8 m, an inner lenght of 1.0 m, and it is equipped with optical windows to allow
optical measurements.




A forward scattering configuration has been employed to allow accessibility and also
to obtain an optical configuration suitable in the case of large particles.

The visibility VS. diameter curve related to this configuration is represented in
fig. 2.

gAn argon ion laser with 488 Nm wavelenght and at 200 ww power has been used.

The crossing angle of the beams can be changed by means of a continuocs beam splitter
without modification of the geometry of the system; also the iris aperture of the
collecting lens can be changed to modify the collecting solid angle.

The output signal of the multiplier has been amplified and divided in two lines.

The band pass filtered signal has been sended to the burst counter for velocity
measurements, while the non filtered one is connected with the oscilloscope.

The filtered signal has also been used to trigger the scope.

In this way only the D.C signals wath non zero modulation have been visualized a:rd
stored.

Diameter distribution measurements Lave been made in correspondence of points A, C,
E of fig. 7; also mean velocities have been measured here mainly tc control the signals.

Diameter distrilu-ion functions were calculated by means of the iterative tecnigue
previously shown, starting from the experimental vigibility distribution functions.

The tenmptative distribution function1&(hﬁadopted is:

m-4
£ (d-dy=n} 22 1 exp-f Bt
t b y o
(6)
where:

n = characteristic exponent
hb- initial value

n
n-1

lod|
"

(bmiu - bo) = mean wvalue

b.‘, = mam value

As an exapp.e the experimental visibility digtribution function obtained in point A
6f fig. 7 is reported in fig. 8,

The deduced diameter distribution is reported in fig. 9; here alsc the distributions
corresponding to point C and E are represented,

In conditions of combustion & reliability control has been performed by seeding the
flame with alumina particles.

The visibility of the seeding particles in the optical configuration here employed
was ranging between .8 and 1.

The visibility distribution function {in the case od the flame seeded with alumina
was measured; f. e. fig. 10 shows the results in the case of point A of fig. 7.

Disctribution of fig. 10 should be compared with that of fig. 8; it is possible to
observe that the addition of alumina changes the distribution function introducing
values of V different from zero also in the .8-1 interval.

This seems to mean that the vieibility measurement system is basically correct also
in the case of combustion.

Table 1 summarize the experimental conditions of the tests. s

It results from table I that the probe volume is of the order of about 10 mm ; it
is mainly determined by accessibility reasons connected with the geometry of the optical
windows.

In the case of a probe volume of Sweh a Adimension it is easy _to fbtain a single
Particle scattering signal with particle concentrations till to m’,

In any case, single partjicle signals were obtained whitout problems here.

It is note wortAy that with more suitable orptical confi%gration. it is possible to
work with higher particle concentrations (of the order of 40 u\).

From an experimental point of view, to obtain a precise measurement of the vigibility
it is necessary to be able to select the signals, to accept only those coming from the
central region of the probe volume, as required from the gsheoretical model.

In the case of large probe volumes, as here, the probability of receiving signals not
coming from the center of the probe volume increases and also from this point of view
some validation criteria should be introduced,

For the acceptability of the signal the following criteria have been here adopted:

- Gaussian shape

- definite number of fringes

- limited range of doppler frequency

- continuos high frequency modulation whitout change of phase

- not ambiguous resolution of the signal from the background D.C. level.

In a luminous flame the background radiation masksthe lower signals inceeasing the
difficulties of correctly evaluating the pedestal amplitude, and then preventing an
accurate evaluation of the visibility.

In the present case, to eliminate as much as possible this disturbance, an interferen=
tial optical filter centered at the laser wavelenght was placed in front of the P.M..

In large flame it is also necessary to take into account the large gradients of
refractive index, caused by temperature gradients, which lead to a defleution of the
laser beams.

As & consequence large drop-out in the photo detector signals are observed.

In connexion with this, it could be observed that the reliadbility test performed with
alumina seeding have shown that refractive index gradients do not gause large distorsions
in the doppler eignal.

—
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4. COMMENTS AND CONCLUSION.

Visibility tecnique for particle sizing seems to be able to Le applied tn the field
of combustdon, alsc if the bad environmental conditions make a reliable 3ata acguistzicn
difficule.

From the theoretical point of view, nuzerical analysis based on Mie scatteriny allows
to choose the most suitable experimental configurations; also the ambiguity in the
correspondence between visibility and diameter can be overcome by means of the tterative
tecnique of sec .2.

To obtain this results it is necessary to have some sort of an "a priori” knowledge
of the diameter distribution function, f.e. the number of mawima of f(D} to be able tso
choose an suitable for the iteratjion.

This does not seem to be a strong limitation at least in the case of conventional
nozzle generated sprays, because in this case the main features of the distribution are
in general known.

The main advantages of visibility are connected with the fact that this tecnique is
not intrusive, it allows in sjitu measurements and does not require a calicration.

The refractive index of the particle must be known, but it is note worthy that {t
is possible to find optical configurations in wich visibility is very weakly dependent
on the refractive index. (5) (6)

Moreover, a very high spatial resolution can be obtained and, at the same time of
particle size, also velocity and concentration can be obtained if necessary.

On the other hand many problems arise in the practical use of the tecnique, wich can
limit rather strongly the applicability of the method in some circumstances.

Pirsto of all, in an hostile environment as an industrial flame, the signal to noise
ratio is reduced and reliability and accuracy of the method deteriorate.

Moreover, the necessity of a single particle scattered signal on the P.M. requires a
not too high particle concentration or the use of rather sophisticated experimental
arrangements, difficult to be applied f.e. in the case of combustjon.

In many cases the application of the validation criteria to control that the doppler
signal can be used in connection with the theoretical model is rather intricate and the
accumalation of enough data to have a good statistics is time consuming, because of the
very large number of measurements necessary to obtain a reliable visibility distribution.

The application of validation criteria is also difficult to be automatized, and a
visual control is in many cases required to avoid very complicated data acquisitior
systems.

From the point of view of diameters to be measured, it is possible to extend the
range till to about 100M m.

The upper limit depends on the geometrical configuration of the system and mainly
on the dimension of the probe volume.

Also at the side of small diamters problems can arise because of the low amplitude
of the scattered signal when compared to background radiation, expecially in the case
of combustion.

Concerning the precision of theltecnique it is mainly connected with accuracy both
in visibility measurements and in passage from visibility to diameter.

Accuracy of measurements can be critical in the case of small particles because of
the background radiation masking the low amplitude signals.

The visibility-diamter passage take place through the visibility vS.diameter curve.

In the regions were the V-D diagram is flat small errors in V lead to rather large
errors in D.

Also if the V-D curve is very irregular (with a lot of oscillations f.e.), problems
in accuracy &an arise.

Another source of imprecision comes from the fact that in general the temptative
diameter distribution functions (b)axe only approximations of the real one £ (D).

In conclusion, however, also 1f a lot of problems can be found in its applicatlion,
visibility tecnique for particle sizing in combustion seems to be a promising one,
taking also into account the great difficulties of all the available experimental
tecnigues in such a bad environment.
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TABLE !: parameters of the optical geometry,

Laser power 200 mw
Laser wavelength 488 nm
Beam cross angle 1.16°
Fringe spacing 24.18 L
Collection angle . 0.50
Probe volume dimensions(l/e) x=0.47 mm
¥Y=46.7 am
2=0.47 mm
Fringe number 20
Magnificaticn of the collecting
optics 1/2

+Probe volume dimensions are evaluated
from the geometrjical optics formula,

DOPPLER SIGNAL

PARTICLE
TRAJECTORY

y

Fig.1 Schematic of the dual-beam interferometer. The probe volume
is enlarged to show the fringe system and a typical single particle
Doppler signal is drawn. Also the coordinate system used in the
theoretical model is shown

28




26

v forward scatter m=1.8 A =as8s nm 1
sl |
.a+_
.4
3
) | 1 1 il

(] 20 40 60 30

DIAMETER (pm)

Fig.2 The visibility curve vs particle diameter, corresponding to the
experimental set-up used for measurements
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Fig.3 A typical measured visibility distribution
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Fig.4 Example of numerical tests: curve A represents the real
distribution; curve B represents the obtained one, starting from
a Rosin-Rammiler type distribution
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Fig.5 Visibility distribution functions corresponding to
curves A and B of Figure 4
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Fig.7 The experimental set-up for the visibility measurements
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Fig.10 The experimental visibility distribution measured in the
point A of the flame seeded by alumina

DISCUSSION

A.M Mellor, US
Have you directly calibrated the instrument? How large were the alumina seed particles?

Author’s Reply
The system has been calibrated by means of alumina particles injected into the flame. In fact, what we have
calibrated is the visibility distribution function, to confirm that the data acquisition system is reliable.

Concerning the diameter of the alumina particles, it is in the range O to 10 um. This diameter was chosen because
it is able to give a vigibility not present in the spray.
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ABSTRACT

A laser doppler velocimeter (LOV) and a laser-scatter meter (LSM) were used to measure
flow velocity and tracer concentration.

To evaluate this new system, tests were carried out on a turbulent air jet of circu-
lar cross section exhausting into still air.

The method for measuring certain parameters relevant to the mixing process nhas been
tested involving laser equipment in combination with the introduction of a tracer in the
jet in the form of o0il smoke.

The flow field was examined at locations varying from two to twenty diameters down-
stream of the nozzle. Main parameters recorded at each downstream station were : mean axial
velocity, mean concentration, fluctuating velocity and concentration and velocity-concen-
tration correlation.

Taking advantage of the laser scatter meter and as a confirmation of their possibi-
lities, this technique was also tested in a much more complicated flow : a model experiment
on a release of a heavy gas into the atmospheric boundary layer. A comparison with more
conventional methods did allow the validation of both techniques.

1. INTRODUCTION

Tne detailed knowledge of the mechanisms of diffusion and passive contaminants in
turdulent shear flows is essential for the description of many physical processes of prac-
tical interest such as dispersion of pollutants and rate at which chemical reactions may
take place. Little experimental research has been done in this field due to difficulties
in measuring concentration on a real time basis, remotely and with high spatial resolution
In the present work, it is demonstrated the feasibility of measuring simultaneously not
only the concentration and velocities, but also the correlation between their fluctuating
components, an interesting development which may lead to better understanding of the dyna-
mics of the turbulent transport of contaminants and particles (Ref. 1).

The experimental technique used is based mainly on non-intrusive optical detection
methods. The technique of light scatter is long-established for the analysis of samples
of liquid or gases contaminated by particle suspensions, but its application to the deter-
mination of concentration fields is more recent. One of these techniques (Ref. 2) uses
fiber optics to generate the measuring volume through which the fluid is allowed to pass.
Then the concentration value is obtained measuring either the absorption or the scattering
of the light. This technique has two major drawbacks : first it introduces a probe into
the flow and hence is a source of distortion; secondly, it does not allow simultaneous
measurement of the local velocity. Another technique (Ref. 3) measures light scattered
from a sheet or beam of light using a high intensity vapor or arc light as its source.
Borrego (Ref. 4) and Borrego & Olivari (Ref. 5) carried the light scattering method a step
forward by using a focalized helium-neon laser as light source. In this way, they improved
spatial resolution and signal-to-noise ratio.

To evaluate the proposed new system, tests were carried out on a circular turbulent
jet, discharging in still air, a simple "reference" configuration for which a considerable
amount of results are available. The results obtained are discussed in detail in the next
section.

The excellent performances of the system with respect to the expected behaviour and
the good agreement with the results obtained by other techniques (when available) suggested
that it could be applied to more complex flow situations with a high degree of confidence-
As an example of such an application, some results are reported here of measurements made
during a model test of the release of a heavy gas in simulated atmospheric boundary layer
at ground level. The detailed structure of this flow, three dimensiona) plume spreading
on a rough surface under a turbulent flow field and high negative buoyancy, has up to now
not been widely investigated due to inherent difficulties in the measurements required.

2. MEASUREMENT TECHNIQUE

The instrumentation consisted mainly of a laser doppler velocimeter (LDV) and a light
scatter meter (LSM). Both systems share a laser light source and associated optics of sui-
table characteristics and two different detector systems consisting of two photomultipliers
and optics which respond to light scattered by particles in a precisely defined region of
the flow field. As usual with optical techniques, it is necessary to seed the flow with
particles, but for this application care has to be takento ensure that they will behave in
a mannar which is representative of the transport properties.

2.1 Ve.rcity measurement

The laser doppler method is based on the measurement of the doppler shift of laser
light scattered from the small particles carried along with the fluid. Because of the
motion of the particles, the frequency of the scattered 1ight will be shifted by an amount
{doppler frequency shift) :
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where U represents the particle velocity in the measuring volume, i is tre wave vector
of the incident light which has a wave length .; and kg is the wave vector of the scat-
tered light. It should be noted that the relation between doppler frequency and the velo-
city U is linear; thus, calibration is limited to the determination of the coefficient of
proportionality given by the laser wavelength i and the beam intersection ang.e. A ge-
tailed description of the LDV technique and associated bibliography can be fount1 in refer-
ences 6 and 7.

The operation of the burst-signal processor {single particle measuremert or individua!l
realization) used in the present work assume one particle present in the measuring volume
at most time.

2.2 Concentration measurement

The technique is based on the measurement of the amount of light scattered by particles
present in the flow. When the concentration of particles is sufficiently small, but with
many particles simultaneously occupying the measuring volume, the photaocurrent contriby-
tions from the individual particles add incoherently at the detector surface

I(t) = = I,(t) (23

where [,(t}) is the detector current caused by each individual particle independent of the
others, i.e., the intensity of the scattered light is proportional to the number of par-
ticles in the control volume

1(t) o N8 (3)

where n(t) is the time dependent number of particles, and Vc the measuring volume. With a
suitable optical system this volume can be made smail enough to be considered as a "point“.

It can be shown that the proportionality between the number of particles in the
measuring volume and the amount of scattered light becomes a linear relation only for
uniformly sized particles under conditions of independent scattering. The -riterion for
effectively independent scatter by monodisperse spheres is that the center-to-center drs-
tance between particles must be larger than 3 radii (Ref. 9), which corresponds to the
rather high volume fraction of particles of about 30%. Therefore, this condition of inde-
pendent scattering can be met using reasonable operating conditions. However, it is quite
difficult to achieve uniformly sized particles (Ref. 10).

In order to control the characteristics of the particle motion it is desirable to
work only with monodisperse scattering particles uniformly distributed in the fluid. When
this is not possible, which is the most usual case, the validity of the previous approx-
imation depends on the average number of particlies W in the measuring volume at any in-
stant. When N becomes too small, the sample may not be sufficient to be typical of the
distribution. This is precisely the condition for which ambiguity noise becomes larger;
this noise, also called "marker" shot noise, arises from the random arrival of the par-
ticles in the control volume (Refs. 3, 8, 11).

Thus, the applicability of the technique depends on the existence of an average number
density small enough for independent scattering to occur and large enough for the particle
size distribution in the measuring volume to be the same everywhere at any time.

In summary, the difficulty of measuring absolute concentrations should be pointed out
because of the difficulty of generating and measuring uniformly sized smoke particles.
However, it is much easier to measure relative concentrations and, for the purpose of
studying diffusion, only relative concentrations are of interest, provided the absolute
concentrations are small and the value at some reference point is known.

3. INSTRUMENTATION AND TEST FACILITIES

3.1 Optical system

A helium-neon laser was used as the light source for all the measurements (=0 6328um
and maximum power of 15 mW). To determine the flow velocity field, the forward scatter
arrangement was adopted. The optical system consisted of a beam splitter which produced two
paraliel beams of light, separated by 50 mm; focusing was accompliished with a single lens
with a focal length of 180 mm. The measuring volume was roughly 0.12x0.13x1.0 mm3. The
fringe spacing was 2.3 um which suggests a pin-hole diameter of about 50 um (Ref. 6).

If the probability that two or more particles are present simultaneously in the
measuring volume is negligible, the best signal-to-noise ratio of the doppler signal is
obtained collecting a maximum of scattered light from a single particle (Ref. 12). The
detector optics is fully able to resolve the interference fringe pattern existing in the
measuring volume (this mode of operation is often referred to as the fringe mode). For
concentration measurements, many particles simultanaously present on the measuring volume
are needed to reduce the fluctuations in 1ight intensity due to non-uniform seeding and
therefore, to make ambiguity noise negligible. This precludes the use of the same receiver
optics for velocity and concentration measurements. Since the pin-hole of the PM and the
incident beams together define the measuring volume, a larger scattering volume for the
concentration system was obtained by usin? a second PM having a larger aperture (500 um%
and smaller magnification. The PM high voltage supply was varied to yleld maximum signal-
to-noise ratio,

The signal processing system handled simultaneously the outputs from the photomuiti-
pliers for the velocfty and concentration signals. The doppler signal was first band-pass
filtered and processed through a counter type data processor. The/..gutput of the counter
was connected:to a true averager for U; to an rms voltmeter for /u’ and to one channel
of an analogue correlator. The output from the concentration PM w low-pass filtered at
1 kHz and then divided to obtain voltages proportional to T and /¢? and to provide a
second input to the correlator,

b‘«.
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3.2 Test facility

The test facility (Fig. 1) simply consisted of a circular duct supplied with compressed
air and discharging to atmospheric conditions through a nozzle of 6 mm diagmeter. The Reyroids
number of the tests was 5-10° approximately, based on the nozzle diameter.

3.3 Calibration

If the concentration of particles is sufficiently small so tnat both secondary scat-
tering and absorption are insignificant, the output voltage of the PM snould be Tirear
with concentration. Under the assumption of independent scattering, it is possible to snow
(Ref. 3) that the resgonse E of the PM to light scattered by particles inside tne measuring
volume is a linear measure of the particle cor-entration.

To check the validity of these assumptions, a calibration was carried out in a wind
tunnel having a test section of 120<120 mr? and | m long. The velocity could be adjusted
to any speed within the range of 0.3 to .. m/s. Particles were injected into the flow before
the settling chamber, care being taken to ensure a uniform mixing. Since the rate of par-
ticles injected was held constant :

f=CT 0_A > € =
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where N is the average number of particles injected per unit time, U_ is the mean veiocity
at the center of the wind tunnel test section and Cm is the mean par?ic\e concentration,
The velocity was measured with the LOV.

Figure 2 shows the values of the PM output plotted as a function of the inverse of
the velocity for two different injection rates. The results confirm the assumption of
linearity indicated above. Care was taken to avoid saturation of the PM and be in the
linear region of the calibration curve (Ref. 5). The results show that an accuracy of the
order of 2.5% can be obtained in the concentration measurements.

4. TEST RESULTS
4.1 Jet flow

The LDV was used to measure mean axial velocity from approximately two to twenty
diameters downstream. The mean velocity at nozzle exit was measured with a total head tube.
Theresults are shown in figure 3 plotted in function of r/au, 8y being the half width of

: . T 1=
velocity profile : U(su) =3 Umax'

The mean velocity profiles are found to be similar. A comparison is made in the same
figure with two theoretical models for predicting the shape of the mean velocity profiles
(Refs. 13 and 14).

The decay of the center line velocity is presented in fiqure 4 and agrees well with
other experimental results. The virtual origin of the flow is located at about 2 diameters
downstream of the nozzle. The difference observed with Tollmien's theory (Ref. 13) can
be attributed to the predominant effect of turbulence at nozzle exit on the location of
the virtual origin (Ref. 15).

The transverse distributions of mean concentration (Fig. 5) show distinct similarity
of the profiles after a distance of 8 nozzle diameters fromthe nozzle exit.

The data obtained agree with those measured by Catalano et al. (Ref. 16) and
Shaughnessy et al. (Ref. 8), shown in figure 6 with the theoretical model of Prandtl-
Gortler-Richardt. This figure also includes the mean temperature profile reported by
Abramovich (Ref. 13) for the heated free jet. The fact that the temperature and concentra-
tion profiles are substantially similar supports the suggestion made by Hinze (Ref. 17)
that there is little difference between the transport of heat and matter in turbulent jet
and confirms the experimental results of Timm (Ref. 26).

The variation of the mean concentration along the jet center line is given in figure 7.
The virtual origin of the flow, considering the decay of concentration, is located at
about 0.8 nozzle diameter downstream. This agrees well with the theoretical model of
Prandtl-Gdrtler-Richardt and with the experimental data of reference 19.

Available results in the literature indicate that the spread of heat and matter is
greater than of momentum. Table 1 shows the ratio &6./6y at various locations. For compa-
rison purpose, this ratio was also computed from data of Corrsin (Ref. 20) and Corrsin
et al. (Ref. 21). The present measurements indicate that the value of the ratio 6./6,
remains constant with the distance from the nozzle exit. This would show that matter spreads
at the same rate as momentum. Such a hypothesis is supported by the equations governing
the two phenomena.

Ty

The axial distribution of the turbulent intensity is shown in figure 8 and the con-
centration fluctuations are presented in figure 9.

Measurements in the outer region of the jet are complicated by the fact that the mean
concentration rapidly falls to levels of the order of instrument noise while the fluctua-
tions remain large. The occurrence of fluctuation intensities in the 100% range is evidence
of the highly intermittent nature of the flow field in the outer region.

4.1.3 Concentration-velocity correlation
The concentration-velocity correlation coefficient is defined as
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where u and ¢ are measured at the same point and time. Ryc is plotted in figure 12 against
the non dimensional radius r/r-, since the half width of the velocity and councentration
profiles, =y and ic, have not the same value.

The value of the concentration-velocity correlation is an indication of how closely
related the concentration field is with the velocity field. A zero correlation would in-
dicate that the fluctuations of the concentration are totally independent of the turbulent
velocity fluctuations (or the absence of fluctuations). This is the case for the profile
taken at x/2r, = 2, for 'r/rp < 0.2.

Considering such a profile, inside the potential core Ryc = 0 near the center, then it
it becomes negative and finally positive_near the edge. It reaches a maximum at r/r. equal
to approximately one, where also both / U2 and / CZ attain their maximum value. The three
conditions correspond to

- Ruc = 0 . absence of fluctuations near the certer. The very smal) values measured of both
J Uz and / €7 are probably due to imperfect seeding;

- Ryc € 0 : within the region of the jet which has not been contaminated by external air,
the consideration developed in equation (4) on the relationship between concen-
tration and velocity would apply leading therefore to a negative correlation
between the fluctuations of velocity and concentration;

- Ryc > 0 : the mixing of the entrained air from the unseeded atmosphere surrounding the
jet leads to local variations of jet velocity and corcentration, which are
expected to be correlated. An input, in the mixing process, from air entrained
from the ambient atmosphere would influence local velocity and concentration
in the same way (decrease) as would, but in the opposite sense (increase), an
input from seeded air from the high velocity, high concentration side of the jet,

The measurement of velocity fluctuations at the edge of the jet by means of the LDV
needs to be discussed in more detail., The jet is uniformly seeded at the nozzle exit, then
downstream the seeded material will correspond exactly with the turbulent fluid, and there
will be no seeding in the nonturbulent part exterior to the turbulent/nonturbulent inter-
face. Since the processor holds the last value of the signal each time the signal drops
out, the probab:lity density of the velocity will be exactly that measured in the turbulent
part of the fluid only, which is observed to differ considerably from that measured in both
turbulent and nonturbulent parts (Ref, 27). Since in most flows, intermittency extends deep
into the flow, this is not a useful way to measure overall properties. It is, however, an
ideal way to measure properties in the turbulent fluid only, which is of considerable in-
terest. Such an application would eliminate the necessity of establishing threshold crite-
ria for the velocity field, always more or less unsatisfactory. The results obtained should
be essentially comparable with those obtainable with the hot wire by conditiona) sampling
on a temperature signal, if the turbulent fiuid is heated.

This does not mean that the drop out time increases and is so large near the edges as
to make the correlation measurements impossible with the equipment used, since it is making
analog averages over a long time and ¢ = 0 when u is in error,

4.2 Diffusion of a heavy gas in turbulent boundary layer

In this section are reported measurements from a mode)l experiment on a release of a
heavy gas into’ the atmosphere, at ground level. In the case of such an escape, one would
expect the dense has to flow down to the ground close to the source and then be carried
downwind in the form of a plume with gas concentration decreasing with the distance from
the source. The negative buoyancy produced by the high density of the gas would tend to
reduce the amount of vertical mixing associated with a ground plume because the vertical
density gradient caused by the plume would tend to suppress the turbulence which is res-
ponsible for the mixing process which dilutes the gas as it travels downstream. As a result,
one would expect the dense plume 6f gas to mix much less than a normal ground plume and
retain high gas concentrations for much greater downstream distances.

Figure 11 shows the experimental arrangement. The characteristics of the background
flow, i.e., the turbulent boundary layer, were determined following the usual practice for
atmospheric modeling work : the Reynolds number similarity was allowed to lapse. The
simulation of -the lower third of the atmospheric boundary layer in the wind tunnel (working
section : 180 mm width < 350 mm high x 2000 mm long) was achieved from the a